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Abstract
As the pelvis is at the intersection of two distinctly human traits —e cient habitual bipedalism and a birth
canal that allows for passage of a relatively large-brained neonate —it is arguably uniquely important for
understanding our evolution. Most previous studies of pelvic evolution, and paleoanthropology in general,
use interspecific morphological comparisons among extant and extinct primates to make inferences as to the
behavior, phylogenetic relationships, and selective pressures that resulted in observed changes. While the
findings of these studies have yielded many fundamental insights on human evolution, the di↵erences seen
in these comparisons are the pattern, rather than the process, of evolution. As such, the particulars of the
evolutionary dynamics that underlie morphological change are generally unknown. This study attempts to
fill that void by applying evolutionary quantitative genetic theory and methods to the study of hominin
pelvic evolution. There are three sets of results. First, stepping back from paleoanthropological issues, this
study explores the e↵ects of sample size and transformations on the statistics that form the backbone of the
analyses to follow. These statistics are interpreted in the light of what they mean biologically rather than
merely statistically, with an emphasis on taking a measurement theory approach to understanding the links
between data and reality. In addition, this analysis provides recommendations to future researchers with
regards to experimental design. Second, this study explores the role of selection in changing not the just trait
means but the genetic relationships between traits, revealed in patterns of integration. Integration between
traits is fundamental to evolution as such relationships can bias and constrain evolutionary trajectories. In
addition, as evidence suggests that patterns of integration can evolve in response to selection, comparisons
of these patterns could provide a new source of information to complement fossil analyses. The results are
the first to demonstrate that changes in the pattern of interrelationships among traits (integration) in the
hip bone have occurred during hominin evolution, that the human hip is less evolutionarily constrained than
that of other great apes, that the changes in the human pattern of integration could have facilitated the
transition between a pre-hominin and hominin pelvic morphology, and that these changes in integration are
likely to be related to the evolution of bipedalism. Third, this study addresses one of the classic issues in
paleoanthropology: what is the ultimate cause of the dangers and di culties experienced during modern
ii
human birth? Though hypotheses relating evolutionary constraints on hominin obstetric dimensions to
bipedal function have been proposed, the role of genetic constraints in reducing the ability of the birth
canal to respond to selection has not been previously explored. The results of this study show that genetic
constraints among obstetric traits and between obstetric and other pelvic traits can negatively influence the
evolutionary potential of the human birth canal, but there is a significant reduction in these constraints in
humans, and likely other later hominins, when compared to other apes. These findings suggest that natural
selection for increased obstetric dimensions in later hominins reduced ancestral hominoid genetic constraints
on the birth canal, allowing for morphological evolution along a trajectory that might have previously been
di cult or impossible to traverse. In total, the results presented here suggest that natural selection led to the
evolution of hominin integration patterns in a way that permitted and facilitated the complex morphological
changes that serve to distinguish our lineage from that of the other great apes.
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Chapter 1
Introduction and background
Much of the study of human evolution has consisted of discerning similarities and di↵erences between the
morphology of modern humans, fossil hominins, and other primates. Using this information, paleoanthropol-
ogists make inferences as to the behavior, phylogenetic relationships, and selective pressures that resulted in
observed changes. While the findings of these studies have revealed many fundamental insights into human
evolution, the di↵erences seen in these comparisons are the pattern of evolution rather than the processes,
or mechanisms. As such, the evolutionary dynamics that underlie hominin morphological change, the pro-
cesses that describe the evolution of our lineage, are generally unknown. This dissertation aims to fill that
void. It applies the theoretical underpinnings and methods of evolutionary quantitative genetics to a few of
the principal issues in paleoanthropology, focusing on hominin pelvic evolution in particular, and merging
patterns with processes.
As the pelvis is at the center of two of distinctly human traits —e cient habitual bipedalism and a birth
canal that allows for passage of a relatively large-brained neonate —it is arguably uniquely important for
understanding our evolution. Previous research on hominin pelvic evolution has focused on mean di↵erences
between traits and suggested a number of hypotheses as to the role these di↵erences play in facilitating
bipedalism and parturition and the selection pressures that led to these changes. Though our knowledge of
the pattern of hominin pelvic evolution is continually improving (Simpson et al. 2008; Kivell et al. 2011),
little is known about the evolutionary processes that underlie the peculiar morphological changes seen among
hominins and hominoids and across hominin evolution. This dissertation focuses on one element of the evolu-
tionary processes —the genetic relationships between traits, revealed in patterns of integration. Integration
between traits is fundamental to evolution as such relationships can bias, constrain, and facilitate evolution-
ary trajectories. In other words, it is the combined e↵ect of natural selection and integration that determines
how a population will evolve. In addition, recent studies have shown that natural selection can change not
the just trait means, but also patterns of integration. Therefore, pattern di↵erences between closely related
species might reflect divergent past selection pressures, and interspecific comparisons of integration patterns
could provide information to complement fossil analysis.
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First, this dissertation explores the e↵ects of sample size and transformations on the statistics that form
the backbone of the analyses used in the subsequent chapters. It takes a conceptual measurement theory
approach, which emphasizes understanding the theoretical background of analyses when conducting them
(Chapter 2). Next, this dissertation explores the relationship between large-scale functional di↵erences
and the evolution of integration patterns by testing if the human hip di↵ers in magnitude, pattern, and
evolutionary response from other African great apes. As numerous morphological di↵erences between the
hip bones of humans and other African great apes are hypothesized to serve functional roles in bipedal
behavior, this is a promising comparative system for testing if interspecific changes in patterns of integration
coincide with changes in morphology and thus whether patterns can play an adaptive role in evolution
(Chapter 3). Finally, this dissertation addresses one of the classic issues in paleoanthropology: what is the
ultimate cause of the dangers and di culties experienced during modern human birth? Though hypotheses
relating evolutionary constraints on hominin obstetric dimensions to bipedal function have been proposed
(Washburn 1960; Tague and Lovejoy 1986; Ru↵ 1995), the role of genetic constraints in reducing the ability
of the birth canal to respond to selection has not been previously explored (Chapter 4).
What follows is first a brief section discussing what are hypothesized to be the two major selective
factors in hominin pelvic evolution: bipedalism and birth, and the current arguments for their role in
molding hominin pelvic morphology. Next is an introduction to the theoretical background that guides this
project. This followed by a discussion of the role of development in hominin evolution, focusing on recent
approaches informed by evo-devo. This chapter concludes with a summary of the promises and challenges of
applying evolutionary quantitative genetics to paleoanthropology and overviews of the subsequent chapters.
1.1 Selective forces in hominin pelvic evolution
1.1.1 Bipedalism
Upright bipedal locomotion is widely believed to be the first characteristic that di↵erentiated hominins
from our common ancestor with the chimpanzee (Dart 1925; Richmond and Jungers 2008). Locomotor
di↵erences have been found to correlate with variations in pelvic morphology (Sigmon and Farslow 1986),
and as expected, many of the significant di↵erences in the pelvis that can be seen when humans are compared
to other apes (Table 3.2) have been reported in some of the earliest members of our lineage (Dart 1925;
Robinson 1972; Lovejoy et al. 1973; Stern and Susman 1983; Lovejoy et al. 2009c).
Most of the major anatomical di↵erences between humans and other apes hypothesized as playing major
functional roles in bipedalism are situated in the lower half of the body, but the earliest possible hominin
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fossil evidence discovered so far for bipedal behavior is from a cranium dating to almost 7 million years
ago (m.y.a.). The highly distorted TM 266 cranium from Chad, central Africa, identified as Sahelanthropus
tchadensis (Brunet et al. 2002), reportedly has a number of hominin-like features, including some that
suggest it was bipedal (Zollikofer et al. 2005). This conclusion has been questioned on the grounds that
these traits may not distinguish all non-human bipedal hominins from other great apes (Wolpo↵ et al. 2006).
For example, though the human-like angle between the foramen magnum and the orbital plane was used by
Zolliko↵er et al. (2005) to suggest that the fossil had a similar head-neck orientation as modern humans
(and thus was an upright biped), Wolpo↵ et al. (2006) found that the later and generally unquestionably
bipedal australopithecines had an angle that fell well within their chimpanzee sample. This result may
suggest that the characteristic is not reliable when attempting to address posture. If TM 266 was bipedal,
and this behavior is only present in hominins (see Wood and Harrison, 2011 for a discussion of this point),
this fossil suggests that bipedalism developed early along the human lineage —estimates for when the most
recent common ancestor (MRCA) of humans and chimpanzees lived are between 4-8 m.y.a. (Patterson et
al. 2006; Steiper and Young 2006; Bradley 2008; Fabre et al. 2009).
The first evidence of possible hominin bipedalism from the lower half of the body comes from a 5.7-
6 m.y.a. proximal femur identified as Orrorin tugenensis (Senut et al. 2001), which may show features
associated with bipedal locomotion (Pickford et al. 2002; Galik et al. 2004; Richmond and Jungers 2008).
Some of these include the length of the femoral neck and size of the femoral head (Pickford et al. 2002),
though this hypothesis has been questioned on the basis that the traits suggested as denoting bipedalism
are also present in non-bipedal primates or are qualitatively di↵erent from australopithecines or modern
humans (Begun 2004; see also Ohman et al. 2005). Turning to the pelvis, the first pelvic remains are from
the fossil identified as Ardipiethcus ramidus, dating to 4.4 m.y.a. Ar. ramidus may have been habitually
bipedal, though possibly not in the manner of modern humans (Lovejoy 2009; Lovejoy et al. 2009; Lovejoy
et al. 2009a; Lovejoy et al. 2009b; Lovejoy et al. 2009c; Suwa et al. 2009a; Suwa et al. 2009b; White et
al. 2009). Pelvic traits such as a relatively short distance between the sacral articulations and acetabulua,
a protruding anterior inferior iliac spine, and a broad iliac blade do appear to group more with humans
and other hominins than other primates (Lovejoy et al. 2009c), though the pelvis was severely crushed and
required extensive reconstruction. It has been suggested that the traits chosen to bolster the argument that
the species was a hominin do not distinguish it from other early hominoids such as Oreopithecus (Sarmiento
2010; Wood and Harrison 2011). By around 3.5-4 m.y.a., many of the characteristics in the pelvis that are
believed to allow for bipedalism in modern humans when compared to chimpanzees (Table 3.2) are present
in recovered fossil remains of australipthecines, though the number of significant fossils remains is in the
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single digits.
In addition to Ar. ramidus (Lovejoy et al. 2009c), recent fossil descriptions suggest that bipedalism in
early hominins was likely practiced in a variety of ways. A number of foot and ankle elements described
as belonging to the species Australopithecus sediba are reported to reveal a combination of primitive and
derived traits that di↵er from that of any other known hominin fossil (Zipfel et al. 2011). For example,
though A. sediba was likely a habitual biped (Berger et al. 2010), there are a number of traits that appear
to be more derived to the Homo condition than the earlier Australopithecus afarensis, but also some that are
primitive for hominins. This could suggest that adaptations related to bipedalism were acquired in a mosaic
fashion in some hominin species, though not necessarily in the lineage that led to modern humans (Zipfel et
al. 2011). A fourth metatarsal (AL 333-160) assigned to A. afarensis and dated at 3.2 m.y.a. is reported as
showing signs of longitudinal and transverse arches similar to modern humans, as well as other traits, unlike
other African great apes (Ward et al. 2011). These arches serve functional roles in bipedalism as shock
absorbers and providing a rigid lever during toe-o↵. Along with other traits in this bone, the presence of
these arches suggested to Ward et al. (2011) that A. afarensis was committed to bipedalism rather than also
possessing an arboreal locomotor component. Finally, when compared to the contemporaneous A. afarensis,
the BRT-VP-2/73 partial hominin forefoot (species not yet designated) dated at around 3.4 m.y.a. suggests
that there were multiple hominin lineages during the period of 3-4 m.y.a. practicing at least two forms of
locomotion. BRT-VP-2/73 shows a mixture of derived hominin traits associated with habitual bipedality
and features associated with arboreality. Most strikingly, this fossil has an abducted hallux and a number of
other features that suggest it retained grasping capabilities unlike contemporary A. afarensis (Haile-Selassie
et al. 2012)
Researchers have attached various functional hypotheses to the changes in traits in Table 3.2 based on
empirical and biomechanical analyses, with the changes seen between humans, hominins, and other apes
chiefly the result of selection for bipedalism. Why bipedalism was selected for in the first place is a topic
that dates back at least to Darwin (1871), who suggested that bipedalism may have evolved to free the
hands for tool construction and usage. Though such hypotheses are numerous and range from reasonable
to outlandish (Darwin 1874; Washburn 1960; Jolly 1970; Wrangham and Smuts 1980; Lovejoy 1981; Hunt
1994), this question is unlikely to ever be resolved.
1.1.2 Birth
Modern humans demonstrate a mechanism of birth that is more complicated and dangerous than in other
great apes (Abitbol 1991; Rosenberg and Trevathan 2002), which is chiefly due the combination of two
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traits peculiar to our own species among extant hominids: a large neonatal cranium and body size relative
to maternal obstetric dimensions (Schultz 1949; Leutenegger 1974; Trevathan and Rosenberg 2000; Desilva
2011), and a twisted birth canal which generally results in rotation of the neonate within the canal during
parturition (Tague and Lovejoy 1986; Rosenberg and Trevathan 1995; Walrath et al. 2003).
Work by Schultz (Schultz 1949) and Leutenegger (Leutenegger 1974; Leutenegger 1982) reveals that,
across the non-human primates studied, smaller species have relatively larger newborns when compared to
maternal body mass and pelvic apertures than larger species, and hence face greater di culty giving birth
(Rosenberg and Trevathan 2002). The largest living non-human primates are the other great apes, and they
have relatively the smallest newborns when compared to maternal body (Leutenegger 1974; Leutenegger
1982; Desilva 2011) and pelvic aperture size (Schultz 1949; Leutenegger 1974). Thus, while smaller bodied
primates experience di culty during parturition due to relatively large o↵spring (Rosenberg and Trevathan
2002), because of their large body size and spacious obstetric dimensions relative to the size of the neonate,
non-human great apes have a low incidence of complications giving birth (Abitbol 1996). Humans, unlike all
other primates, do not follow this allometric relationship and instead give birth to infants with significantly
larger head and body sizes than predicted given maternal body size (Leutenegger 1982; Desilva 2011), and
pelvic apertures (Schultz 1949; Leutenegger 1974).
The primate birth canal consists of a series of planes: an entrance, the inlet, an exit, the outlet, and
a space in between these two, the mid-plane (Rosenberg and Trevathan 2002). In humans and non-human
primates, the greatest dimension of the fetal cranium is in the sagittal plane and therefore the neonate aligns
this dimension with the largest dimension of each of the mothers planes (Rosenberg 1992). Compared to
that of modern humans, the birthing process in other great apes is relatively simple: the pelvic planes are
anterior-posteriorly elongated, and therefore the neonate aligns its cranium and shoulders in this direction
and continues the orientation through the birthing process (Tague and Lovejoy 1986), though there is some
variation (Hirata et al,. 2011). As this arrangement is common in all non-human apes, this suggests that it
is the primitive condition for hominoids (Abitbol 1991). In most modern humans the birth canal is twisted:
the inlet is transversely elongated, while the mid-plane changes direction during its length so that its widest
dimension switches from transverse to sagittal, and the outlet is longer sagittally than transversely. Because
of the relatively large human neonate, the infant must usually follow this change in canal dimensions during
parturition. In the vast majority of human births (Walrath et al. 2003), the neonate head enters the birth
canal in a transverse direction relative to the mother, but must rotate at mid-plane to the sagittal direction
(Rosenberg and Trevathan 2002). Lastly, the shoulders of human neonates are relatively inflexible, as they
are in all hominoids, and therefore the infant head must rotate again in order to accommodate their entry
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into the pelvic inlet, changing direction at mid-plane. This twisting of the infant during birth is known as
internal rotation (Trevathan and Rosenberg 2000).
There are a number of hypotheses on when a human-like birthing mechanism arose along the hominin
lineage, though research has been hampered by the small number of reasonably complete fossil pelves. In
addition, di↵erences in reconstructions can have significant e↵ects on the conclusions. For example, unlike
the twisted birth canal of modern humans, one reconstruction of AL 288-1 (denoted as A. afarensis) suggest
that the inlet, midplane, and outlet were all transversely oval (Tague and Lovejoy 1986). This reconstruction
implies that birth was likely non-rotational in these individuals (Leutenegger 1972; Leutenegger 1974; Tague
and Lovejoy 1986; Leutenegger 1987), and may (Tague and Lovejoy 1986) or may not (Leutenegger 1972)
have been more di cult than in other great apes. But the sacrum and sacral articulation region in AL
288-1 were crushed during preservation (Husler and Schmid 1995), resulting in discrepancies between this
reconstruction and one done later, which has an sagittally oval outlet. Based on this reconstruction, it has
been suggested that the neonate would have likely had to rotate within the canal during birth in a similar
fashion as modern humans (Husler and Schmid 1995).
More recently, the description of BSN49/P27, assigned to Homo erectus (but see Ru↵ 2010) and dated
at 0.9 to 1.4 m.y.a., suggests that this individual had transversely oval obstetric planes (Simpson et al.
2008). In addition, Weaver and Hublin (2009) reconstructed the badly damaged Tabun pelvis, assigned to
Homo neanderthalensis, and found a similar obstetric morphology. Building on these two sets of results,
Weaver and Hublin (2009) suggested that the combination of their reconstruction of Tabun, BSN49/P27,
AL 288-1 (certain reconstructions), and Sts 14 (assigned to Australopithecus africanus) makes the case that
a transversely oval outlet is the primitive condition for hominins and was present in all hominins besides
modern humans (Weaver and Hublin 2009). This may imply a modern human-like rotational mechanism
of birth arose only on the lineage that led to modern humans, after the split from our common ancestor
with the Neandertals. On the other hand, using earlier reconstruction of the Tabun pelvis (Ponce de Len
et al. 2008), and a reconstruction of the Neandertal neonate from Mezmaiskaya cave, Ponce de Leon (2008)
suggested that birth was likely rotational in a similar fashion as modern humans and rotation evolved at the
last common ancestor of Neandertals and modern humans.
All discussions of the mechanism of birth during early hominin evolution rely on estimates of neonatal
cranial size to determine the infant trajectory and the di culty of parturition. For australopithecines this
has been generally taken to be the same as modern chimpanzees (Leutenegger 1972; Berge et al. 1984; Husler
and Schmid 1995; Berge and Goularas 2010). While the change in obstetric morphology seen in hominins
and the consequences of this morphology on the mechanism of birth have been the subject of many analyses,
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the evolution and consequences of relationship between neonatal brain and body mass compared to maternal
body mass and pelvic dimensions have been the focus of less scholarly interest. This disparity may be the
result of the scarcity of infant hominin fossils, though some juveniles have been recovered (Mezmaiskaya
(Golovanova et al. 1999); Dikika (Alemseged et al. 2006); Mojokerto; (Coqueugniot et al. 2004)). This issue
is extremely important for determining when the modern human birthing mechanism evolved and when did
the di culties of birth change from the relatively easy form of found in modern non-human great apes to
modern humans. One recent study has explored this set of questions. DeSilva (2011) built on Leuteneggers
(1982) findings and the results suggested that the evolutionary transition from a non-human to human-like
relationship between neonatal and maternal mass occurred with the australopithecines, resulting in di cult
births. It was suggested that this newfound di culty might have had large social and parenting consequences
(Desilva 2011).
1.1.3 Hypotheses on constraints in hominin pelvic evolution
Washburn (1960) originally termed the competition between selective pressures for bipedalism and parturi-
tion the obstetrical dilemma, believing that the pelvic adaptations to bipedalism that reduced the size of the
birth canal were occurring simultaneously with selection for increased adult and neonatal brain size to allow
for tool use (Washburn 1960). While it is widely accepted today that the first adaptation that distinguished
hominins from our common ancestor with the chimpanzee was bipedalism (Richmond and Jungers 2008;
Rolian 2009), with increased brain size following around 3-4 million years later (Holloway et al. 2004), the
idea of hominin pelvic morphology reflecting conflicting selection pressures related to these two functions
has continued (Robinson 1972; Lovejoy et al. 1973; Jordaan 1976; Meindl et al. 1985; Ru↵ 1991; Ru↵ 1995;
Suwa et al. 2009b). Where researchers di↵er is when during hominin evolution did the obstetrical dilemma
arose.
For example, Robinson (1972) saw the morphology of the hominin pelvis, at that time first seen in the
australopithecines, as reflecting adaptations for bipedalism as well as conflicting selection pressures for the
maintenance of obstetric diameters (Robinson 1972). This view has been echoed by Berge et al. (1984)
and recently in Lovejoy et al., (2005). On the other hand, Leutenegger (1972, 1974), based on obstetric
dimensions of Sts 14 and an estimate of a chimp-like neonate, suggested that obstetric pressures were likely
minor or absent in australopithecines. While accepting that australopithecine pelvic morphology was likely
the result of selection pressures for both functions, Lovejoy and colleagues (Lovejoy et al. 1973; Tague and
Lovejoy 1986; Lovejoy 1988; Lovejoy 2005) presented the hypothesis that most of the morphological changes
in the pelvis between australopithecines and Homo were the result of obstetric adaptations to accommodate
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increased neonatal brain size during the transition to Homo. This line of thought has been frequently echoed
in the literature (Leutenegger 1974; McHenry 1975; Leutenegger 1987; Ru↵ 1991; Bonmat et al. 2010; Kibii
et al. 2011) This contrasts with Robinson (1972), who saw changes between australopithecines and modern
human pelves as being minor refinements to the locomotor apparatus enabling more e cient bipedalism
(Robinson 1972).
In their recent description of the pelvis of Australopithecus sediba, Kibii et al. (2011) suggested that
at least some of the di↵erences in pelvic traits between australopithecines and Homo that Lovejoy and
colleagues (Lovejoy et al. 1973; Tague and Lovejoy 1986; Lovejoy 1988; Lovejoy 2005) hypothesized were
the result of the pelvis responding to new obstetric selective pressures in Homo were already present in the
relatively small-brained A. sediba. Kibii et al. (2011) therefore argued that these changes did not evolve in
response to selection for increased brain size but instead because of selection for a kinematic shift relating
to increased terrestrially in this species (Kivell et al. 2011).
There are also hypotheses of constraints on pelvic evolution not related to bipedalism or obstetrics. To
Ru↵ (1991), the morphology of the modern human birth canal was the result of thermoregulatory constraints
on body breadth combining with selection for bipedalism and obstetric requirements that arose during the
transition from australopithecines to Homo (Ru↵ 1991). This hypothesis is based on the argument that
populations living in a given climate must maintain a certain surface area to body breadth ratio, and
specifically body breadth remains constraint given di↵erences in height. Using a large sample of living
populations, Ru↵ (1991) found that absolute body breadth of early hominins was similar to populations
of modern humans living in the tropics, as well as Neandertal (though the sample size was 1) and modern
populations living at higher latitudes. Based on these results, Ru↵ (1991) suggested that the evolution of
the modern human-like rotational birth mechanism was likely due to the combination of larger neonatal
brain size beginning with the origination of Homo conflicting with this restriction on maternal body breadth
combined with locomotor requirements. Based on new findings, Ru↵ (1995) revised this idea to place the
transition between an australopithecine pelvic-type to modern human pelvic-type to late H. erectus or early
Homo sapiens, but his hypothesis was otherwise unchanged (Ru↵ 1995).
Though locomotor (Berge et al. 1984), biomechanical (Rosenberg 1992; Ru↵ 1995), obstetrical (Berge et
al. 1984; Leutenegger 1987; Rosenberg 1992; Weaver and Hublin 2009), fetal-skull (Berge et al. 1984), and
pelvic (DeSilva and Lesnik 2006) have all been attached to the word constraints relating to the obstetrics,
most studies focus on limits on the ability of the birth canal to evolve in response to selection. Often
this line of thought is presented as selection pressures for e cient habitual bipedalism conflicting with
pressures for obstetric dimensions to allow for passage of larger-brained neonates (Leutenegger 1974; Tague
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1992; Rosenberg 1992; Lovejoy 2005), though maintenance of bipedal function in the face of new obstetric
demands (Lovejoy et al. 1973) has also been suggested. This focus on constraints and selection allows the
placement of hominin pelvic evolution within the framework of evolutionary quantitative genetics.
1.2 Evolutionary quantitative genetics
Quantitative genetics (QG) provides a mechanistic understanding of evolutionary processes. It began as
attempts to understand the inheritance of quantitative traits (height, weight, measurement of skeletal traits,
etc.) (Provine 1971; Lynch and Walsh, 1998) and has expanded to include goals that range from under-
standing the nature of quantitative-trait variation, the consequences of inbreeding, and developing predictive
models for evolutionary change. Evolutionary quantitative genetics (EQG) takes concepts that were orig-
inally intended to look at changes in quantitative traits between generations, usually in association with
livestock and crop improvement, and applies them to looking at changes over evolutionary time (Ro↵ 1997).
Of particular interest in the following chapters is one of the chief goals of QG and EQG —discerning the
presence and e↵ects of factors that limit phenotypic evolution, or constraints on evolutionary change.
In the absence of pleiotropy (genes influencing more than one trait at a time), the response to selection on
one trait alone is proportional to the additive genetic variance of that trait. If pleiotropy is present, selection
on one trait can lead to a response in correlated traits (Lande 1979; Cheverud 1982; Lande and Arnold
1983; Falconer and Mackay 1996; Lynch and Walsh, 1998). Given the relative stability of organisms over
evolutionary time, some researchers have argued that most traits must be near or at their fitness optimum,
and therefore subject to stabilizing selection (Lynch 1990; Hansen et al. 2003; Hansen and Houle 2004).
The evolutionary response to directional selection on one trait may therefore be constrained by correlations
with other traits under stabilizing selection, and thus correlations between traits are likely a↵ecting the rate
of evolution via reductions in the magnitude of the response to selection (Wagner 1996; Hansen et al. 2003;
Hansen and Houle 2004; Lynch and Walsh, 1998). In addition, these genetic relationships —integration
between traits —can a↵ect the direction of the response to selection (Steppan et al. 2002), as shown in
Figure 1.1. In the top and bottom figures, the force of directional selection is the smaller arrow, which
is pushing the population mean towards the fitness optimum, while the mean morphological response of
the population to this selection is shown in the larger arrow. In the top graphic, the two traits have total
independence from each other, which is the underlying assumption of cladistic and univariate analyses.
Here we see that the direction of selection and the morphological response match up —the population can
move towards the fitness optimum along the shortest possible route. In the bottom graphic, there is strong
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integration between traits 1 and 2 and resultantly, the response of the population takes a route that is no
longer direct, but instead initially along the multivariate direction of highest variance. What this means
is that genetic relationships between traits may cause traits to change in ways that are detrimental to the
population rather than optimal, and at the very least the evolution of morphology can be slowed down by
these relationships. But integration between traits are structured, rather than random. Olson and Miller
(1958) hypothesized that these relationships were due to functional and developmental interactions between
traits and coined the term morphological integration to describe these patterns (Olson and Miller 1958).
The last three decades have seen an explosion in interest in quantifying integration and its role in evolution,
spurred on by the work of Cheverud (Cheverud 1982; Cheverud et al. 1983; Cheverud and Routman 1996),
who placed phenotypic integration concepts within a quantitative genetics framework (Lande 1979; Lande
and Arnold 1983).
Along with trait means, evidence suggests that integration patterns can also evolve in response to selection
pressures (Cheverud 1984; Ro↵ and Mousseau 1999; Beldade et al. 2002; Pavlicev et al. 2011). In order
for this process to occur, there must be genetic variation in the underlying basis of integration patterns,
pleiotropy. A number of recent studies have found this kind of variation (Pavlicev et al. 2008; Kim et
al. 2009), which is the result of polymorphic loci that a↵ect the relationships between traits. Known as
relationship Quantitative Trait Loci (rQTLS), how these loci a↵ect traits changes depending on the their
genetic background —i.e. epistasis. More recently, a study by Pavlicev et al. (2011) provided a population
genetic model for how integration patterns might evolve. Unlike in traditional neo-Darwinian theory in
which selection leads to a decrease in variation, here directional selection on rQTLs uncovers new heritable
variation along the direction of selection. This variation is structured as covariation between selected traits,
resulting in the direction of highest genetic variation being in the direction of selection, and resulting in
adaptive change in patterns of integration (Pavlicev et al. 2011).
Recent studies (Marroig et al. 2009; Porto et al. 2009; Rolian 2009; Grabowski et al. 2011; Villmoare et
al. 2011; Lewton 2012) have focused on the concept of evolvability, the ability or potential of a population
to respond to selection (Marroig et al. 2004). Comparisons of evolvability can reveal if species, structures,
or traits vary in their potential for evolution, and how these variations may a↵ect evolutionary change.
Integration and evolvability are linked as the evolutionary potential of a trait may be a↵ected by how
integrated that trait is with the rest of the phenotype. This occurs because traits in a more integrated
structure would likely have less independent variation available for selection, and given constraints due to
stabilizing selection on other traits, these traits would be less able to respond to directional selection. But
this is unlikely to be a simple one to one situation —the most evolvable phenotypes may not be the least
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integrated (and therefore the least subject to constraints), but at a level of integration influenced by the
complex mechanisms that relate genetic to phenotypic variation (Hansen 2003; Pavlicev and Hansen 2011).
To clarify, given no constraining selection and all genes having equal variance, simulation results show that
the most evolvable phenotype with all genes a↵ecting all characters —this setup maximizes the amount of
genetic variation along all dimensions of the morphospace. Given stabilizing selection on other directions
apart from the direction of selection, evolvability would be maximized by reducing genetic covariance as much
as possible and increasing and evening out genetic variances (Pavlicev and Hansen 2011). Looking at these
results from a functional perspective, while a completely autonomous phenotype means that selection could
have the greatest e↵ect on the evolution individual traits (i.e. no constraints), this has the potential to slow
down evolution because selection would have to change each trait individually, keeping them functionally
relevant to each other.
1.3 Development and hominin evolution
The point is often made that development was left out of the modern synthesis (Mu¨ller 2007; Hendrikse
et al. 2007). Population and quantitative genetics developed at this time regularly treated development
as a black box, with unlimited variation produced in such a way to allow for selection in any direction of
morphospace (Hendrikse et al. 2007). But numerous studies have shown that variation is bounded and
structured by development (Smith et al. 1985), suggesting that it may play a substantial role in biasing and
constraining evolutionary trajectories. Modern studies that attempt to determine the role of development
in hominin evolution do so within the framework of evolutionary developmental biology, or evo-devo. The
objective of evo-devo is to explain the developmental basis for evolutionary change in the phenotype, and
how developmental systems evolved. In other words, to determine evolutions influence on development
and developments influence on evolution through exploration of the mechanistic relationships between the
process of individual development and phenotypic change during evolution.
There have been a few recent attempts to apply an evo-devo approach to hominin evolution. McNulty
(2012) looked at the evolution of the A. africanus skull from a great-ape like ancestor through changes
in developmental timing (McNulty 2012). Gunz (2012) attempted to test for the evolutionary relationship
between robust and gracile australopithecines by determining if simple changes in timing of development can
produce one cranial form from another (Gunz 2012). These studies rely on the framework of heterochrony,
evolutionary changes through changes in developmental timing (Gould 1977; Shea 1983; Hansen and Orzack
2005). Lovejoy et al. (1999) (see also Lovejoy et al., 2000; Lovejoy et al. 2002; Lovejoy et al. 2003) took
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another approach, using a mechanistic view of hominin evolutionary change. Though they begin by stating
an entirely reasonable objection against atomization of traits in fossil analyses, they base their objection on
the question of whether traits are heritable, or independently heritable. In other words, is there a genetic
basis for certain traits, and are these traits the result of independent genes.
There are two issues here, but both can be addressed using quantitative trait locus (QTL) methods.
QTL analyses are primarily conducted to identify genes that a↵ect quantitative traits and measure their
phenotypic e↵ects, though in evolutionary studies the goal is to measure the pattern and magnitude of genetic
e↵ects. All QTL studies are based on the fact that many traits are heritable, including morphological traits
(Cheverud 2006) —they generally attempt to discern which genes are responsible for individual traits using
data derived from crosses of inbred lines (Haley and Knott 1992). Specifically concentrating on the pelvis,
a recent QTL analysis on the pelvis of a model organism, the mouse, shows that all morphological traits
included in this analysis were significantly heritable, and there are a large number of genes contributing to
variation in each trait (Roseman et al. 2011). On the second point, a number of analyses have shown that
QTLs have pleiotropic e↵ects on various morphological traits (Leamy et al. 1999; Cheverud 2001; Ehrich et
al. 2003; Wolf et al. 2005; Pavlicev et al. 2008); thus there is some question of whether individual traits
such as those seen in paleoanthropological analyses are able to evolve with independence from other traits.
This will be explored further below.
Lovejoy et al. (1999) and others (Lovejoy et al. 2000; Lovejoy et al. 2002; Lovejoy et al. 2003) then
turn from the case against atomization to attempting to apply recent findings on the developmental basis
for morphology as the cause of evolutionary change in hominins. Lovejoy et al.s (1999) methods have only
been applied to the human fossil record to any extent in Lovejoy et al. (2002), an analysis of a femur
fragment assigned to A. afarensis. Though the researchers here again argue against the independence of
traits, and place traits within categories based on hypotheses as to their capacity to evolve independently
from other traits, they still approach this analysis in a similar fashion as would have been done 10 or 20
years previously, with one exception. Individual traits are discussed and analyzed separately for most of
the work, the exception being that the size-corrected traits used in the discriminant analysis. Lovejoy et
al. (2002) make the case that these are not intended to represent morphological characters, but instead
spatial/biomechanical di↵erences between the hips of humans, a hominin, and other apes. This distinction
is not immediately apparent, but the researchers suggest it is necessary because traits, as independent units,
are imaginary. This approach has had little impact on paleoanthropology, even within the same research
group, as seen in the methods of analysis or interpretations in the descriptions of Ar. ramidus (Lovejoy 2009;
Lovejoy et al. 2009; Lovejoy et al. 2009a; Lovejoy et al. 2009b; Lovejoy et al. 2009c; Suwa et al. 2009a;
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Suwa et al. 2009b; White et al. 2009). While these evo-devo approaches to hominin evolution (Lovejoy et
al. 1999; Lovejoy et al. 2000; Lovejoy et al. 2002; Lovejoy et al. 2003) are intriguing, they are descriptive
rather than informative as to the evolutionary processes that complement the patterns of seen in fossils.
Wagner (2000), makes the case that evo-devo and quantitative genetics are not alternative mechanisms
of evolution, but rather that they both contribute to our understanding of the evolution of the phenotype.
According to the Wagner (2000), at issue is in what kinds of situations can evo-devo approaches contribute
more to the explanation of evolutionary process than population or quantitative genetic approaches. Evo-
devo holds promise for answering questions that are di cult or impossible to address using population or
quantitative genetics, such as the evolution of body plans or novelties. Using population or quantitate genetic
methods to approach these types of problems is di cult or impossible at present because they are radical
changes to phenotypes over evolutionary time, situations that are problematic to explore using current
models (but see Wagner 2000; Polly 2008).
One of the central topics in evo-devo is the role developmental constraints play in evolution. In other
words, to what extent do the properties of developmental systems influence variation and thus bias and
constrain evolution (Mu¨ller 2008). While the concept of developmental constraints may have been implied
in the Neo-Darwinian and Modern Synthesis, it had little role in the majority of theoretical or experimental
work being done at the time (Alberch 1980; Wagner 1988b). As mentioned above, Cheverud and others
(Cheverud 1982; Cheverud et al. 1983; Cheverud and Routman 1996) were responsible for a significant
move in this direction, placing the concept of integration and thus developmental (as well as functional)
constraints within the existing framework of evolutionary quantitative genetics. Therefore, it is possible to
include development within evolutionary quantitative genetics (but see Polly 2008; Rice 2011).
Using the the guidelines of Wagner (2000) above, the morphological di↵erences observed when the pelves
of humans and other hominins are compared to other apes, including those associated with bipedalism, are
not extreme. There are changes in muscle attachments and bone, but there is no basic change in body plan or
novelties that coincided with bipedalism. Therefore, these evolutionary changes can be explored within the
framework of evolutionary quantitative genetics with few obvious issues. Such an approach has the potential
of revealing the processes that led to observed patterns, while taking into account the non-independence of
traits, unlike the evo-devo approach (Lovejoy et al. 1999) presented above.
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1.4 Combining paleoanthropology with evolutionary
quantitative genetics: avenues and issues
Though there has been some movement to view paleoanthropology through the lens of EQG (Ackermann and
Cheverud 2004; Weaver et al. 2007; Young et al. 2010; Rolian et al. 2010; Roseman et al. 2011), this area
remains relatively unexplored. Such a union could open up new avenues for analysis, but also has potential
to impact future research based on comparative methods approaches. For example, one of the consequences
of integration for paleoanthropology is that di↵erences in traits identified by comparative methods may not
necessarily be directly the result of selection. Whereas many fossil analyses atomize the phenotype into a
set of traits, observe how much a given trait di↵ers between species, and ascribe selection for a particular
function as the cause of that change, organisms are integrated units, and thus natural selection on one
trait leads to correlated responses in other traits (Olson and Miller 1958; Gould and Lewontin 1979; Lande
1979). Thus, an observed change in morphology between fossils may not be the result of direct selection
for a particular function, but is instead due to a correlated response to selection. Though this point is now
generally accepted in much of biology, and some acceptance has crossed to paleoanthropology (Lovejoy et al.
1999; Lovejoy et al. 2000; Strait 2001; Lovejoy et al. 2002; Lovejoy et al. 2003; Ackermann and Cheverud
2004), atomization still reigns. But integration between traits can be included in models of evolutionary
change (Lande 1979; Lande and Arnold 1983; Hansen and Houle 2008). Based on the work of Lande (Lande
1979; Lande and Arnold 1983) and assuming constancy of integration patterns, a number of studies have
reconstructed past evolutionary forces that led to di↵erence in morphology between species (Cheverud 1996;
Marroig et al. 2004; Rolian et al. 2010), including between fossil hominins (Ackermann and Cheverud 2004).
This topic deserves further study.
As discussed above, integration between traits may lead to constraints on phenotypic evolution, biasing
the direction of the response to selection, reducing the amount of morphological change possible, or slowing
down the course of evolutionary. Robinson (1972) suggested that strong selective pressures on multiple traits
led to the morphological changes seen when a human or fossil hominin pelvis is compared to that of other apes
(Robinson 1972). Other researchers (Lovejoy et al. 1999) have hypothesized that this evolutionary transition
occurred through simple patterns of selection on one or a few traits, with many correlated responses. But,
in addition to trait means, hominin pelvic patterns of integration may have evolved in response to selection
pressures, and this change could have been necessary to allow for this large-scale changes in morphology. A
reduction in the magnitude of integration would allow for selected traits to evolve with less constraint from
other traits, which could result in a greater magnitude of morphological change. As integration patterns may
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evolve in response to selection, pattern di↵erences between closely related species might reflect divergent
past selection pressures, and interspecific comparisons of integration patterns could provide information to
complement fossil analysis. This topic will be explored in Chapter 3.
Next, the concept on constraints on obstetric evolution has often been suggested as being the root cause
of the di culties faced during modern human parturition (Washburn 1960; Lovejoy et al. 1973; Leutenegger
1974; Berge et al. 1984; Leutenegger 1987; Rosenberg 1992; Ru↵ 1995; Rosenberg and Trevathan 1995;
Weaver and Hublin 2009). Previous investigations of obstetric constraints have focused on biomechanical
approaches, and results have been mixed (Lovejoy et al. 1973; Ru↵ 1995; Warrener 2011). When studying
constraints, biomechanical analyses can reveal constraints on function, where changing certain traits could
have a detrimental e↵ect on the performance of some task. But functional constraints do not necessarily
correspond with evolutionary constraints —restrictions or limitations on the course or outcome of evolution
(Arnold 1992). Evolutionary constraints are the result of an interplay between selective pressures, which
could be inferred from biomechanical analyses, and genetic constraints revealed in patterns of integration
(Arnold 1992). Therefore, trait evolution can be constrained for reasons separate from those that can be
estimated using biomechanical models, and to study evolutionary constraints it is necessary to understand
the role genetic constraints play in morphological change. The role of genetic constraints in reducing the evo-
lutionary potential of the hominin obstetric canal, which is a previously unexplored topic, will be addressed
in Chapter 4.
There are a number of challenges that complicate the agenda of combining paleoanthropology with EQG.
The first few are general issues with the study of hominin evolution. First, all hominins besides modern
humans are extinct, and therefore they are not available for experimental analyses to test the validity of any
type of model. This often leads to the necessity of using data from extant primates to substitute for earlier
hominins, but whether or not extant species provide adequate models is a point of contention (Ackermann
2003; Sayers and Lovejoy 2008; DeSilva 2009; Lovejoy 2009; Lovejoy et al. 2009; Lovejoy et al. 2009a;
Lovejoy et al. 2009b; Lovejoy et al. 2009c; White et al. 2009). Second, small sample sizes for most hominin
species lead to the inability to estimate basic statistical quantities like variance within a population, which
in addition to clouding arguments about topics such as determining the degree of sexual dimorphism (Reno
et al. 2003; Plavcan et al. 2005; Reno et al. 2005) and the ability to recognize species (Wood and Lonergan
2008), are fundamentally important in reconstructing evolution. Even assembling adequate sample sizes for
extant primate species requires trips to many di↵erent collections and existing sample sizes for many species
may not always be adequate to reduce bias and error in statistics of interest (see Chapter 2 for more on this
issue). Finally, the fossils themselves provide a challenge, not just because of their scarcity or issues with
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reconstructions, but because they seem to tell a direct story of evolutionary forces, leading many researchers
to conclusions without resorting to implementation of more explicitly evolutionary models and theoretical
concepts that might tell a di↵erent story (Lande 1976; Hansen 1997; Hansen et al. 2003; Hansen and Orzack
2005; Hansen et al. 2008). Though these challenges are sizable and must be acknowledged, they are not
insurmountable, and this dissertation is one such attempt to circumvent such problems.
There are also challenges specific to the application of EQG theory and methods to paleoanthropology.
The most fundamental is likely that the genotypic-phenotypic (G-P) map, or the pattern of genetic e↵ects
that governs the phenotype and its variational properties (Wagner 1988a; Hansen 2006) is not well understood
even in extant species. Most EQG analyses focus on the G-matrix, a symmetric matrix with the additive
genetic variance of each trait along the diagonal and covariances in the o↵ diagonals, which is believed to
play a role in determining evolutionary trajectories. The P matrix is similarly arranged but with phenotypic
variances and covariances instead of genetic, and is the result of G and environmental e↵ects (Cheverud,
1982). Precise estimates of G normally require measurements from relatives from hundreds of families of
known pedigree, usually demanding breeding designs, a task which is is nearly impossible for many extant
species for moral and/or practical reasons (Steppan et al. 2002), and is impossible for extinct species.
Klein et al. (1973) suggested that analyses of genetic correlation among characters should not be conducted
without measurements from a minimum of 400 families of four members each. Using smaller numbers of
families and individuals were found to add significant sampling error to these estimates (Klein et al. 1973).
On the other hand, adequate estimates of P can be calculated using measurements from a large number of
individuals of unknown relatedness, which allows for relatively easy data collection and opens the possibility
of performing analyses on rare species given adequate museum collections (for example, the non-human great
apes).
Cheverud (1988) was the first to provide evidence that P might be proportional to G and suggested that
estimates of the former could be substituted for the latter. He based this hypothesis on the results of high
correlations between 41 pairs of genetic and phenotypic matrices gathered from the literature. Cheverud
(1988) found that sample sizes of 40 individuals or more were needed in order to make the substitution of
P for G —below 40 the average correlation in his data set between P and G was 0.48, above 40 it was
0.81 (Cheverud 1988). The suggestion that P and G are similarly patterned has been supported by various
studies in both laboratory (Cheverud 1988; Kohn and Atchley 1988; Ro↵ 1995; Ro↵ 1996; Ro↵ 1997) and
wild populations (Cheverud 1995; Ro↵ 1996), particularly for morphological traits (Ro↵ and Mousseau 1987;
Cheverud 1988; Ro↵ 1996; Simons and Ro↵ 1996). Additionally, assuming that the parameter values of P
and G are proportional, as estimates of G would likely have large standard errors except given extremely
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large family sizes, it has been suggested that P might be a better estimate of that parameter G than the
estimate of G (Cheverud 1988; Steppan 1997; Lynch and Walsh 1998; Arnold and Phillips 1999; Steppan
et al. 2002). On the other hand, the substitution is a controversial issue in evolutionary biology (Willis et
al. 1991; Kruuk et al. 2008) and some studies have found that genetic and phenotypic correlations have low
similarities (Atchley et al. 1981; Lofsvold 1986; Hadfield et al. 2007). The issue of the proportionality of P
andG is still one of some debate, though, as mentioned above, it is appears to be more acceptable for analyses
which focus on morphological traits (Ro↵ and Mousseau 1987; Cheverud 1988; Ro↵ 1996; Simons and Ro↵
1996). Regardless, substitution of P for G has become common practice in integration studies based on
phenotypic data (Ackermann and Cheverud 2000; Ackermann 2002; Marroig et al. 2004; Ackermann 2009;
Porto et al. 2009; Williams 2010) and is beginning to appear in those quantifying evolvability (Marroig et
al. 2009; Rolian 2009; Grabowski et al. 2011; Villmoare et al. 2011; Lewton 2012). The point should be
stressed that studies that assume that P is proportional to G require sample sizes of at least 40 individuals,
and estimates of statistics like evolvability appear to require sample sizes of around 100 individuals (Chapter
2), depending on the number of traits. Note that this requirement is for complete individuals, as decreases
in sample sizes for individual traits will likely bias results (Ackermann 2009). What is clear from this
requirement is that even creating P matrices to stand in forG matrices for fossil hominin species is presently
an impossibility (though see Roseman et al. (2011) for a possible way around this constraint). This has led
to substitution of integration patterns from extant hominoids to stand in for extinct species (Ackermann
and Cheverud 2004; Rolian et al. 2010), though di↵erences in patterns between species may bias results
(Ackermann 2002).
1.5 Chapter overviews
This dissertation is formatted as a series of papers with a similar theme, bookended by the current chap-
ter (Chapter 1) and the concluding chapter (Chapter 5). While chapters 2-4 were written for independent
publication and can be read alone, the combination of these manuscripts is meant to form a unified whole,
exploring the role of selection and constraint on the evolution of morphology in hominins and hominoids,
and attempting to apply the theories and methods of evolutionary quantitative genetics to questions in
paleoanthropology.
Chapter 2: Integration, evolvability, and measurement theory
This chapter addresses some of the theoretical and statistical issues that arise when using phenotypic data to
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study integration and evolvability, with a specific focus on the e↵ects of small sample sizes and transforma-
tions on these statistics. E↵ort is made to interpret results in the light of what they mean biologically rather
than merely statistically, with an emphasis on taking a measurement theory approach to understanding the
links between data and reality. In addition, the chapter provides recommendations to future researchers
with regards to experimental design. Simulation results suggest that for 10 traits, sample sizes of around
100 individuals are likely su cient to reduce bias and increase precision, though this requirement increases
given the inclusion of more traits. In addition, transformations that a↵ect variation, such as the removal
of size, are likely having a significant e↵ect on integration and evolvability statistics, and should only be
attempted when specifically included in the research question.
Chapter 3: Divergent patterns of integration and reduced constraint in the human hip and
the origins of bipedalism
This chapter explores the relationship between large-scale functional di↵erences and the evolution of inte-
gration patterns by testing if the human hip di↵ers in magnitude and pattern of integration, as well as the
evolutionary response to selection from other African great apes. As numerous morphological di↵erences
between the hip bones of humans and other African great apes are hypothesized to serve functional roles
in bipedal behavior, this is a promising comparative system for testing if interspecific changes in patterns
of integration coincide with changes in morphology and thus whether patterns can play an adaptive role in
evolution. The results are the first to demonstrate that changes in the pattern of interrelationships among
traits (integration) in the hip bone have occurred during hominin evolution, that the human hip is less
evolutionarily constrained than other great apes, that the changes in the human pattern of integration could
have facilitated the transition between a pre-hominin and hominin pelvic morphology, and that these changes
in integration are likely to be related to the evolution of bipedalism (i.e., they resulted from natural selection).
Chapter 4: Hominin obstetrics and the evolution of constraints
This chapter explores the role that genetic constraints, which can constrain morphological evolution in addi-
tion to selective pressures, likely played in the di culties associated with modern human parturition. Though
traditional analyses of this issue have focused on biomechanical methods, this chapter takes a quantitative
genetics approach to test for the ability of the birth canal to evolve given genetic constraints, which may con-
strain morphological evolution in addition to selective pressures. The results of this study show that genetic
constraints among obstetric traits and between obstetric and other pelvic traits can negatively influence the
evolutionary potential of the human birth canal, but there is a significant reduction in these constraints in
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humans, and likely other later hominins, when compared to other apes. These findings suggest that natural
selection for increased obstetric dimensions in later hominins reduced ancestral hominoid genetic constraints
on the birth canal, allowing for morphological evolution along a trajectory that might have previously been
di cult or impossible to traverse.
Chapter 5: Conclusions, challenges, and future directions
In this chapter, I provide a summary and overview of what the proceeding chapters add to the study of
paleoanthropology, as well as provide future avenues for research into other fundamental questions of human
evolution. The results of this dissertation suggest that the evolution of integration patterns may have played
a substantial role in hominin evolution, and make a strong case that applying theories and methods conceived
in areas outside paleoanthropology or biological anthropology can provide information that is fundamental
to understanding our own evolution.
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1.6 Figures
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Figure 1.1: Two views of evolution
A.
B.
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Chapter 2
Integration, evolvability, and
measurement theory
The large majority of biologists accept that many traits do not exist as autonomous units, able to respond
to selection pressures independently of other traits. While the response to selection on a single trait is
proportional to that traits genetic variance, if genes influence more than one trait at a time (pleiotropy),
selection on one trait may lead to a response in correlated traits (Lande 1979; Cheverud 1982; Lande and
Arnold 1983; Falconer and Mackay 1996; Lynch and Walsh 1998). Given the relative stability of organisms
over evolutionary time, some researchers have argued that most traits must be near or at their fitness
optimums, and therefore subject to stabilizing selection (Lynch 1990; Hansen et al. 2003; Hansen and
Houle 2004). The evolutionary response to directional selection on one trait may therefore be constrained
by correlations with other traits under stabilizing selection, and thus correlations between traits are likely
a↵ecting the rate of evolution via reductions in the magnitude of the response to selection (Wagner 1996;
Lynch and Walsh 1998; Hansen et al. 2003; Hansen and Houle 2004). In addition, these genetic relationships
can a↵ect the direction of the response to selection (Steppan et al. 2002), biasing the response away from
the direction of selection and even leading to traits changing in ways that are detrimental to the population.
But correlations between traits are structured, rather than random. Olson and Miller (1958) hypothesized
that these relationships were due to functional and developmental interactions between traits and coined the
term morphological integration to describe these patterns (Olson and Miller 1958).
The last three decades have seen an explosion in interest in quantifying integration, spurred on by the
work of Cheverud (Cheverud 1982; Cheverud et al. 1983; Cheverud 1996a; Cheverud 1996b), who placed
morphological integration concepts within a quantitative genetics framework (Lande 1979; Lande and Arnold
1983). One important question that arose earlier (Olson and Miller 1958), and was given new prominence
during this period, is how does integration a↵ect evolution. While previous methods pointed in this direction
(Cheverud 1996b), Hansen et al. (2003a, 2003b) and Hansen and Houle (2008) derived explicit measures
to determine how integration and independence of traits bias evolution in phenotypic space. These metrics
focused on the concept of evolvability, the ability or potential of a population to respond to selection (Houle
1992). Comparisons of evolvability can reveal if species, structures, or traits vary in their potential for
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evolution, and how these variations may a↵ect evolutionary change. Integration and evolvability are linked
as the evolutionary potential of a trait may be a↵ected by how integrated that trait is with the rest of the
phenotype. This occurs because traits in a more integrated structure would likely have less independent
variation available for selection, and given constraints due to stabilizing selection on other traits, these
traits would be less able to respond to directional selection. But this is unlikely to be a simple one to one
situation (Hansen 2003; Pavlicev and Hansen 2011). Recent studies have suggested that along with trait
means, integration patterns, and thus evolvability, can evolve in response to selection and have provided a
population genetic model for how this change could occur (Pavlicev et al. 2011). Thus, integration di↵erences
between closely related species could provide a window onto past selection pressures (Young et al. 2010;
Grabowski et al. 2011).
A number of recent studies have appeared which apply the evolvability framework to test for the role
integration plays in morphological evolution (Marroig et al. 2009; Porto et al. 2009; Rolian 2009; Grabowski
et al. 2011; Villmoare et al. 2011; Lewton 2012) using phenotypic data. This study reviews the theoretical
framework that informs these techniques, as well as e↵ects of ignoring this framework when interpreting data,
using the techniques of conceptual measurement theory (see below). The aim of this paper is to address a
number of theoretical and statistical issues that arise when conducting analyses based on integration and
evolvability. Finally, though some of these issues are basic (sample size e↵ects on precision of statistics),
they are valuable to keep in mind for this or any other type of analysis. Though this paper focuses on issues
when using phenotypic data in these types of analyses, many of the same issues apply when using genetic
data as well.
2.1 Measurement theory
Recent works (Hansen and Houle 2008; Wagner 2010; Houle et al. 2011) have emphasized the need to apply
the concept of measurement theory to biology. Measurement theory describes notions about the relationship
between measurements and reality, which seeks to ensure that the relationships among measurements are
consistent with the relationships between the real-world attributes measured (Stevens 1946; Stevens 1968;
Houle et al. 2011). While statistical theory governs what inferences can be made from data, measurement
theory determines if the data reflects relationships between attributes in the real world and what kinds of
transformations and tests preserve these relationships. In their broad review, Houle et al. (2011) proposed
expanding the concept of measurement theory to what they termed conceptual measurement theory, focus-
ing on preserving the connections between the theoretical or contextual mileu that serves as the basis for
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performing a biological analysis with the measurements and methods used to analyze data. Some of the key
points of conceptual measurement theory are to keep in mind theoretical context when analyzing data and
know what transformations are doing to the relationship between measurements and reality (Houle et al.
2011).
Integration can be quantified in a number of ways (Olson and Miller 1958; Cheverud 1982; Wagner 1984;
Cheverud et al. 1989; Hansen and Houle 2008; Pavlicev et al. 2009), based on correlation or covariance
matrices. Olson and Miller (1958) used correlation matrices in their calculations, which look at inter-
trait relationships but do not include magnitudes of variation (Olson and Miller 1958). Other techniques
use covariance matrices (Wagner 1984; Hansen and Houle 2008), which combine the level and pattern of
variation with the inter-trait relationships. Since evolution, and thus calculations of evolvability, happens
through an interaction between selection and the variances and covariances in a population, I will focus on
analyses using covariance matrices here. Figure 2.1 provides a quick introduction to evolvability statistics of
interest here (also see Fig. 2.2 and Table 2.1). For further details, see Hansen et al. (2003a, 2003b), Hansen
and Houle (2008) and Marroig et al. (2009).
2.2 Theoretical framework
2.2.1 What is evolvability and how to measure it
As evolution occurs through natural selection on heritable variation (Fisher 1930), the primary determinant
of short-term evolvability in a population is the level of additive genetic variance (Houle 1992; Wagner
and Altenberg 1996). While heritability (h2) , the additive genetic variance scaled by the phenotypic
variance, has been used to compare the evolvability across traits, species, or populations, this usage was
pointed out as problematic by Houle (1992), and others (Fisher 1951; Burton 1952). Another measure of
evolvability suggested by Houle (1992) that avoids similar concerns is IA, the mean standardized additive
genetic variance. This was given an operational interpretation by Hansen et al. (2003a) as it reveals the
expected proportional evolutionary response of a trait to a unit strength of selection per generation, where
a unit strength of selection is defined as the strength of selection on fitness itself (Hansen et al. 2003a). In
other words, the IA for an individual trait, such as 0.0030, reveals that the mean of the trait is predicted
to change 0.3% per generation under unit selection. What IA does is standardize a traits potential for
evolution, as the strength of selection on fitness itself is the same no matter the organism. This permits
comparisons across organisms. If the strength of selection is less than that on fitness, or more, that means
a trait will respond less or more than predicted, but this is an issue with the strength of selection, not the
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traits potential for evolutionary change. Note that IA reveals the potential for evolution based on levels of
standing genetic variation. On longer time scales it is variability, or the capacity of traits to vary (Wagner
and Altenberg 1996) that determines evolvability. But studies have suggested that standing genetic variation
relates to adaptive divergence (Schluter 1996; Blows and Higgie 2003; Hunt 2007; Hohenlohe and Arnold
2008; Hansen and Houle 2008; Chenoweth et al. 2010; Hansen and Voje 2011), and therefore short-term
evolvability measures may have influence on long-term evolutionary patterns.
2.2.2 More than one type of evolvability?
There have been a number of recent analyses which have used the average correlation between simulated
random selection vectors and the evolutionary response to selection as a measure of evolutionary potential
(Shirai and Marroig 2010; Villmoare et al. 2011; Lewton 2012). This statistic has been generally termed
evolutionary flexibility (but see Rolian (2009)) and has been used to quantify the ability of a population
to respond to selection. More integrated matrices are generally less flexible (Marroig et al. 2009; Shirai
and Marroig 2010; Grabowski et al. 2011). Increased integration generally leads to response vectors being
biased along multivariate directions of size rather than in the direction of selection (Marroig et al. 2009),
which Schluter (1996) termed the genetic line of least resistance. But evolutionary flexibility is not strictly
evolvability. It is a component of the evolutionary response, and an important one, but while flexibility
reveals how close the direction of the response vector is to the direction of selection, evolvability sensu
Hansen and Houle (2008) and Houle (1992) is the magnitude of the response in the direction of selection.
These two statistics are measuring di↵erent things about the evolutionary response to selection, as shown
in Figure 2.2.
Figure 2.2:A and 2.2:B reveal two hypothetical species. Here   shows the multivariate selection gradient
and reveals the direction of selection, while  z¯ is the response to selection. Depending on the magnitude
and pattern of integration between the two traits, the response to selection can be biased to diverge from
the direction of selection and a decrease in the magnitude of the response, as seen in the figure. In 2.2:A,
as the angle between the response and the selection vector is seven times as large as 2:2B, 2.2:A has a
lower evolutionary flexibility. But as the projection of the response on the selection vector in 2.2:A is three
times as long as in 2.2:B, this species is more evolvable. Which of these statistics is more important when
talking about the ability of a population to respond to selection? Well, if evolutionary flexibility in a certain
direction is a small value (and thus the angle between the selection vector and the response is high), the
response will be in a direction far from the direction of selection, a situation which may be maladaptive
(Hansen et al. 2003b). As the response can never be longer than the selection vector, this also means that
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this species will also have very low evolvabilities. A finding of high flexibility may reveal species that are able
to evolve in directions of morphospace which are blocked to those species with low flexibilities. Alternatively,
if evolvability is low in these directions, evolutionary change could take much longer than in a species with
lower flexibility but higher evolvability. In other words, both statistics are important for understanding the
potential of a population or species for evolutionary change and should be discussed in an analysis of this
type.
2.2.3 The e↵ects of sample size on integration and evolvability
Though studies have suggested that sample sizes for geometric morphometric analyses can be relatively
small and produce fairly accurate estimates of statistics such as mean size (but not others such as mean
shape) (Cardini and Elton 2007), the same cannot be said for analyses which focus on integration and
evolvability. There are two main reasons for this. The first is theoretical., and is the central assumption
of all studies which rely on phenotypic data to relate evolution to integration —that the additive genetic
variance covariance matrix, G, a symmetric matrix with the genetic variance of each trait along the diagonal
and covariances in the o↵ diagonals, is proportional to the phenotypic variance covariance matrix, P, which
reveals the e↵ects of both G and E, the environmental variance/covariance matrix. G is hypothesized to
influence the rate and direction of evolution (Lande 1979; Lande and Arnold 1983; Steppan et al. 2002).
If P is not proportional to G, the variances and covariances seen using phenotypic data will likely provide
little insight into how a population evolves. Because P is a combination of G and E, the environmental
variance/covariance matrix, P may not be proportional to G due to environmental e↵ects.
Precise estimates of G normally require measurements from relatives from hundreds of families of known
pedigree, usually requiring breeding designs, a task which is is nearly impossible for many species for moral
and/or practical reasons (Steppan et al. 2002). Klein et al. (1973) suggested that analyses of genetic
correlation among characters should not be conducted without measurements from a minimum of 400 families
of four members each. Using smaller numbers of families and individuals were found to add significant
sampling error to these estimates (Klein et al. 1973). On the other hand, adequate estimates of P can be
calculated using measurements from a large number of individuals of unknown relatedness, which allows for
relatively easy data collection and opens the possibility of performing analyses on rare species given adequate
museum collections (for example, the non-human great apes). Additionally, assuming that the population
parameter values of P and G are equivalent, as estimates of G would likely have large standard errors
except given extremely large family sizes, it has been suggested that estimates of P might better estimate
the parameter G than estimates of G (Cheverud 1988; Steppan 1997; Lynch and Walsh 1998; Arnold and
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Phillips 1999; Steppan et al. 2002).
Cheverud (1988) was the first to provide evidence that P might be proportional to G and suggested that
estimates of the former could be substituted for the latter. He based this hypothesis on the results of high
correlations between 41 pairs of genetic and phenotypic matrices gathered from the literature. Cheverud
(1988) found that sample sizes of 40 individuals or more were needed in order to make the substitution of
P for G —below 40 the average correlation in his data set between P and G was 0.48, above 40 it was
0.81 (Cheverud 1988). The suggestion that P and G are similar in pattern and/or magnitude has been
supported by various studies in both laboratory (Cheverud 1988; Kohn and Atchley 1988; Ro↵ 1995; Ro↵
1996; Ro↵ 1997) and wild populations (Cheverud 1995; Ro↵ 1996) particularly for morphological traits (Ro↵
and Mousseau 1987; Cheverud 1988; Ro↵ 1996; Simons and Ro↵ 1996). On the other hand, the substitution
is a controversial issue in evolutionary biology (Willis et al. 1991; Kruuk et al. 2008) and some studies have
found that genetic and phenotypic correlations have low similarities (Atchley et al. 1981; Lofsvold 1986;
Hadfield et al. 2007). The issue of the proportionality of P and G is still one of some debate, though,
as mentioned above, it is appears to be more acceptable for analyses which focus on morphological traits
(Ro↵ and Mousseau 1987; Cheverud 1988; Ro↵ 1996; Simons and Ro↵ 1996). Substitution of P for G
has become common practice in integration studies based on phenotypic data (Ackermann and Cheverud
2000; Ackermann 2002; Marroig et al. 2004; Ackermann 2009; Porto et al. 2009; Williams 2010) and is
beginning to appear in those quantifying evolvability (Rolian 2009; Grabowski et al. 2011; Villmoare et
al. 2011; Grabowski 2012; Lewton 2012). The point should be stressed that studies that assume that P
is proportional to G and use phenotypic data to analyze integration or evolvability require sample sizes of
at least 40 individuals, and calculating statistics using matrices based on less than this number is likely to
produce misleading results.
The second issue is statistical., and is separate from the validity of the P for G substitution —what is
the number of individuals required to provide adequate estimates of covariances matrices. In an analysis
focusing on correlation between traits, Phillips (1998) found that in order to have su cient power to allow for
comparisons of correlations across populations (or species), analyses with a number of traits require sample
sizes of 100 individuals or more (Phillips 1998). This finding leads into the second assumption, that given
the first assumption of P is proportional to G, the sample P matrix is accurately estimating population
phenotypic variances and covariances. Deviations from this assumption can lead to errors in the accuracy
and precision of integration and evolvability statistics, as discussed below.
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Issues with bias due to sampling variance
The first type of bias due to small sample sizes is best described by the bias in eigenvalues produced by a
principal components analysis (PCA). The PCs from a PCA are the linear combinations of variables that
are independent from each other. The number of eigenvalues reveals the dimensionality of the data and
their size reveals the amount of variation in the data set that is in the direction of the eigenvector. The
relationship between eigenvectors and eigenvalues to integration and evolvability is relatively straightforward.
If matrices have more of their variance (higher eigenvalues) concentrated in a few directions (eigenvectors),
they are more integrated because most of the variance in a trait is accounted for by covariance with other
traits. Similarly, variance concentrated in a few directions means there is less available for selection in other
directions of phenotypic space, and this will lead to lower evolvability results.
Bias in eigenvalues due to sample sizes is described by the following equation from Lawley (1956), which
gives the expected value of a eigenvalue ( ) given a sample covariance matrix with N as the sample size, q
is the dimension of the matrix (number of traits):
(Equation 2.1)
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This equation describes a situation in which the largest eigenvalues are biased upwards and the smallest
downwards away from the population values when small sample sizes are used to estimate the eigenvalues
(Lawley 1956; Hayes and Hill 1981; Meyer and Kirkpatrick 2008). The last term is the error and is inversely
proportional to the square of the sample size (error increases as sample size decreases). As PCA is a way of
describing multivariate data, this sample size related error in the eigenvalues is due to error present in the
sampled P matrix. Note that this equation assumes a multivariate normal distribution.
Given a small enough sample size, one or more of the smallest eigenvalues may equal zero. Such a matrix
would be described as semipositive definite (as opposed to positive definite), where certain directions of
phenotypic space no longer have variation available for selection, and if P is taken as proportional to G,
evolution in those directions will appear to be constrained (Blows and Ho↵mann 2005). All other things being
equal, when compared to a positive definite P, the integration statistics of a semipositive definite P are likely
to be biased upward as the remaining variation will lie in a fewer number of dimensions (resulting in relatively
higher covariance). In terms of evolvability statistics, in the case of a semipositive P, it is likely some
elements will be pointing in directions with no variation —thus the response to selection will be constrained
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in these directions, and any statistics calculated from this response will likely be biased (here evolutionary
flexibility, evolvability, conditional evolvability, and autonomy, but also techniques such as random skewers
(Cheverud 1996b)). Semipositive definite matrices are also singular, defined as their determinant equaling
zero. Singular matrices are not invertible, which is necessary in calculating the conditional evolvability and
autonomy statistics (Fig 2.1; Table 2.1) as well as reconstruction of selection vectors (Lande 1979; Lande
and Arnold 1983; Marroig et al. 2012). Given a small sample size, it is also possible the eigenvalues of P
may be small but not equal to zero. This matrix is described as positive definite, but ill conditioned, with
very small levels of variation in certain directions.
Issues with bias due to reduced rank matrices
The second type of bias in integration and evolvability statistics when P matrices are estimated using small
sample sizes is the number of dimensions (or directions) available for selection is less than the number
of traits —i.e. the matrix has reduced rank. The rank of a matrix is defined as the number of linearly
independent rows and columns of a matrix. In the case of covariance matrices, a matrix is full rank when
the rank is equal to the number of traits. Calculating the rank of a genetic or phenotypic covariance matrix
has been the topic of a number of recent analyses, as matrices with less than full rank describe situations in
which some directions are unavailable for selection, and thus rank is informative about absolute constraints
on evolution (Mezey and Houle 2005; Hine and Blows 2006; McGuigan and Blows 2007; Blows and Walsh
2009; Pavlicev et al. 2009). Separate from the true rank of a matrix, if the sample size of individuals used
to construct covariance matrices is too small, this will lead to underestimates of the rank of the P matrix
(Pavlicev et al. 2009).
In a reduced rank situation caused by small sample sizes, integration statistics will be biased upward,
but in this case it will be due to the fact that there are fewer dimensions on which variation can reside
and therefore proportionally more of the variation will be covariation. In terms of evolvability statistics,
because the number of elements in a selection vector is based on the number of traits, a reduced rank
matrix will cause some elements in the vector to be pointing in directions that no longer exist. This may
lead to an unpredictable response to selection in either magnitude or direction or both, and any statistics
calculated from this response will likely be biased (here again, evolutionary flexibility, evolvability, conditional
evolvability, and autonomy, but also techniques such as random skewers (Cheverud 1996b)). Reduced rank
matrices are also not invertible, which is again necessary in calculating the conditional evolvability and
autonomy statistics (Figure 2.1; Table 2.1) as well as reconstruction of vectors of selection gradients (Lande
1979; Lande and Arnold 1983; Marroig et al. 2012).
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Issues with precision due to sampling error
Like all statistics, estimates of integration and evolvability computed on samples are subject to sampling
error, which is the deviation of the sample statistic from the population parameter. By computing a statistic
with a very small sample size, the statistic may vary widely from the population parameter (i.e. the true
value that statistic seeks to estimate), and given repeated sampling, the distribution of those statistics will
be inversely proportional to the sample size, leading to large confidence intervals (CIs) for the statistic.
Thus, relatively larger CIs due to small sample sizes result in an estimate of the parameter that covers a
large range of values —in other words they have low precision. The CI is also telling you that, given another
sample at the same sample size, the value of the statistic could vary to a value anywhere within that interval
with some probability (Sokal and Rohlf 1995), and thus resulting statistics from studies with small sample
sizes may be contradictory.
2.2.4 The e↵ects of correcting for size on integration and evolvability
Many types of analyses based on morphometric data call for size and allometric (size-related) e↵ects to
be removed in one of the earliest steps. This transformation then allows for comparisons of the shape of
organisms without the confounding e↵ects of size. But evolution does not work independently on size and
shape —the fitness of organisms is determined by both qualities, and many more, and selection is on the
whole organism, rather than only certain characteristics or traits. The ability to look at selection on a
multivariate scale is part of the quantitative genetics revolution started by Lande in the late 70s and early
80s (Lande 1979; Lande and Arnold 1983). Studies based on our understanding of integration and its e↵ects
on evolution often attempt to remove factors unrelated to the underlying genetic architecture across all
members of a species —this often includes variation produced by sex and population di↵erences. But size
and allometric e↵ects are species-wide factors. Size variation can be thought of as a general integrating
factor, keeping separate modules within a structure united in order for them to work together (Shirai and
Marroig 2010). After removal of size, the remaining pattern of integration has a number of qualities that are
not unexpected, and have been studied extensively by Shirai and Marroig (2010). These include a reduction
in the magnitude of overall integration (as size is a major contributor to integration), and result in matrices
that appear more evolutionary flexible due to the reduction in integration (Shirai and Marroig 2010).
This is not to say that removing size from a population before conducting analyses based around the
concept of integration is incorrect in all cases, but it is necessary to realize that the choice of size or no size
are attempts to answer di↵erent evolutionary questions. With size, the questions are along the lines: Given
the patterns and magnitudes of integration that exist, what is the role of this integration in biasing response
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to selection? Without size, the questions are no longer based on actual levels of variation and covariation
available for selection but are instead exploring the e↵ects of integration on evolution in a hypothetical
situation —i.e. evolution without size. This type of result can be informative as to integration between
structures that may be hidden by size, which can be interesting in its own right (Shirai and Marroig 2010), but
these results are not strictly comparable to a study that includes size. In addition evolutionary simulations
produced from from this type of analyses are not likely providing a realistic portrayal of how a population
could evolve. Removing size from data before integration evolvability analyses, without the removal of size
explicitly included in the question, reflects a disconnect between theory and what transformations are doing
to the link between reality and the data.
The most common method of correcting for size and size related shape is removing the first PC of the
covariance matrix calculated from a data set, which is generally thought to represent size and size related
shape (Jolicoeur and Mosimann 1960; Darroch and Mosimann 1985; Shea 1985). The e↵ects of this correction
on integration and evolvability will be explored below (see also Berner 2011).
Note that mean standardization (Houle 1992; Hansen and Houle 2008), which is becoming common
practice in evolvability studies (Hansen and Houle 2008; Marroig et al. 2009; Berner et al. 2010; Leinonen
et al. 2011; Grabowski et al. 2011), and removing size are not the same thing. Mean standardizing a G
or P matrix involves dividing variances by the square of the trait means, and covariance by the product of
trait means. Size, as one source of variation, is left in by this standardization because the resulting variances
and covariances are standardized by the means of each individual trait that was used to calculate the
variances and covariances, rather than one univariate (the species average geometric mean) or multivariate
(PC 1) factor that could be called size. As variances often scale with means, this standardization allows
for comparisons of evolvability statistics between species (Hereford et al. 2004; Hansen and Houle 2008).
In addition, variances and covariances contained in G or P have units equal to the square of the trait
units, and thus need to be mean standardized to compare evolvability statistics or selection gradients across
traits. Note that autonomy (and therefore integration; Table 2.1) does not require mean standardization
as it is the proportion of evolvability that remains given constraints. Mean standardization also provides a
direct connection between the resulting statistic and evolutionary theory, and is an operational measure of
evolvability (Hansen et al. 2003a; Hansen and Houle 2008). As mentioned above, dividing additive genetic
variances by the square of their trait mean gives IA, a measure of evolvability, which reveals the predicted
proportional response in a trait mean to a unit strength of selection (Houle 1992; Hansen et al. 2003a).
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2.3 Materials
The phenotypic data used for the simulations in this paper are a sample of linear measurements from 124
humans (62 men and 62 women) taken from Grabowski et al. (2011) on the human hip. The traits in that
study were chosen to both reflect those previously identified as playing functional roles in bipedal behavior,
as well as those chosen to quantify overall form. The number of individuals in this study is slightly lower
than in than in Grabowski et al. (2011; n=136) to keep the sample size of men and women equal. The
simulations using 10 traits use the first 10, the ones using 20 use all 20 traits, and the ones using five traits
use the first five traits from Grabowski et al. (2011). Sample sizes of 10 were the smallest used in this
analysis. For comparative purposes, 124 Pan troglodytes (62 males and 62 females) were also used from
Grabowski et al. (2011), and treated the same as the human data as described above and below.
2.4 Methods
2.4.1 Simulated data
To make simulated populations, 10,000 individuals were drawn from a multivariate normal distribution
with a null mean and the non-mean standardized P matrix created from the human data discussed above.
These 10,000 individuals are meant to be the e↵ective size of a natural population and provide a population
parameter value that each statistic can be compared to. In the figures based on the results using simulated
data, the horizontal line gives the population parameter value of the statistic of interest. Subsets of samples
were taken from this population to calculate the statistics of interest following the bootstrapping routine
discussed below. It should be mentioned that this routine could be conducted by drawing the subsets of
various sample sizes straight from a normal distribution rather than going through the extra step of making
the simulated natural population and then drawing subsets from this sample —both would produce the same
results. This approach was used because it is easier to grasp biologically (selection subsets of individuals
from a larger population) and has the same meaning statistically.
A modification of the bootstrap routine for the simulated data was used to calculate the four evolvability
statistics (mean flexibility, mean evolvability, mean conditional evolvability, and mean autonomy) using data
directly from that study (i.e. non-simulated). As the simulated data is perfectly normally distributed by
design, this step was done to to analyze the e↵ects of real-world deviations from this situation. For the
analyses based on the real human data, the statistics below are calculated after removing the e↵ects of sex
and population using a MANOVA and results are included in the supplementary information. Note that
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in this case only complete individuals were used, which lowers the initial sample size to 99 (50 men, 49
women). Results and interpretation of the real data results will be mentioned in the discussion. It should
be noted that for the simulated data, the maximum sample size was chosen to be 150 as this is a reasonable
high end value for morphological studies. The analyses using the real data have an upper limit of 100. This
will not be mentioned when describing the routines below, but should be apparent when investigating the
supplementary material.
2.4.2 Main bootstrapping routines
First, to get a picture of how biases due to sample size will a↵ect the levels of variation in each dimension
of the P matrix, plots of PCs with 95% confidence intervals (CIs) were constructed using a bootstrapping
routine (Efron and Tibshirani 1993). Here, 1000 samples of 10 and 150 individuals were repeatedly drawn
from the population with replacement, covariance matrices were calculated and then the standard deviations
of the principal components were saved. This procedure produced two distributions (n=10 and n=150) which
were then used to calculate best estimates of each PC (averages) and the confidence intervals (CIs). These
results were plotted along with the population parameter value for PC1.
To calculate the e↵ects of sample size on integration and evolvability statistics (r2, mean constraints,
mean evolutionary flexibility, mean evolvability, mean conditional evolvability, and mean autonomy; Fig.
2.1, Table 2.1), 1000 samples of equal males and females at each sample size, of size 10 up to and including
150, were drawn with replacement from the data, covariance matrices were calculated, matrices were mean
standardized or not (see below) and each statistic was calculated using this matrix (see below). These values
were saved. The standard deviation at each sample size is the standard error of the statistic, and the mean
of the statistic at each sample size is the best estimate. These results were plotted with 95% confidence
intervals (CIs). It should be noted that the bootstrapping routine using the real data drew 100 samples with
replacement, rather than 1000, due to the time required to run the more complex routines. This results in
the plots of the real data being notably rougher than for the simulated data, but the central tendency of the
results should still be apparent.
2.4.3 Integration and evolvability statistics
While the rest of the analyses in this paper focus on the covariance matrix, the overall magnitude of in-
tegration was measured using the coe cient of determination (r2) statistic, which requires the covariance
matrices being converted to correlation matrices. Correlation matrices are related to covariance matrices as
they are simply variance-standardized covariance matrices. This statistic was calculated because it is a very
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common metric of integration (Cheverud et al. 1989; Porto et al. 2009; Villmoare et al. 2011; Lewton 2012)
and as such the e↵ects of sample size on it should be explored.
With regards to evolvability statistics, the graphic descriptions above (Figs. 2.1 and 2.2) were meant
to provide a geometric meaning to each statistic and therefore show how each is calculated when a single
selection vector ( ) is applied. This analyses calculates the mean value of evolvability statistics to random
selection vectors rather than their value to specific selection gradients (for example separating species)
because these statistics may not be the same in di↵erent directions of phenotypic space (Hansen and Houle
2008). Thus, the mean values give an overall view of the ability of a population (as revealed in the sample)
to respond to selection with regards to the statistic of interest. Mean flexibility reveals the average ability
of a population to respond in the direction of selection. Mean evolvability reveals the average magnitude
of the evolutionary response to selection, and therefore reveals the evolutionary potential of a species.
Mean conditional evolvability reveals the average magnitude of the evolutionary response to selection given
constraints due to stabilizing selection on integrated traits. Mean autonomy is the proportion of evolvability
that remains given these constraints, and shows how autonomous a given population is (autonomy is the
1-integration) (Hansen and Houle 2008). Finally, as the response to simulations of selection has been found
to be biased to align with the largest PC (Schluter 1996; Marroig et al. 2009; Shirai and Marroig 2010),
correlation between the direction of the response and PC1 will reveal how biased a sample is to respond in
the direction of highest variance, which has been termed mean constraints (Marroig et al. 2009). Refer to
Figure 2.1 and Table 2.1 for expressions and further explanations.
To calculate mean flexibility, mean evolvability, mean conditional evolvability, mean autonomy, and mean
constraints, random selection vectors were created by drawing from a random normal distribution with a
mean of 0 and a standard deviation of 1, normalized to unit length, and then applied to each P matrix
for each sample using analytical approximations of the equations in Table 2.1 (Hansen and Houle 2008)
to calculate the statistic of interest. The mean values for each statistic were calculated by repeating this
procedure 1000 times and taking the mean value of the repetitions (Hansen and Houle 2008). It should be
noted that mean flexibility has no analytical equivalent, and instead the numerical estimate was used. This
will result in variation in the analytical approximation of this statistic (see below).
2.4.4 Analytical approximation of bias
Analytical approximations of bias in mean evolvability statistics were calculated to test for the validity of
equation 2.1 in producing bias seen in the results. First, eigenvalues and eigenvectors of the parameter
covariance matrices were obtained. Then, equation 2.1 was applied to the eigenvalues for each sample size.
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These biased eigenvalues were then inputted in the analytical approximations from Hansen and Houle (2008)
for mean evolvability, mean conditional evolvability, and mean autonomy. Because there are not analytical
approximations at present for mean flexibility, the biased eigenvalues were used to make biased covariance
matrices using the formula (Twede and Hayden 2004):
(Equation 2.2)
C = UT U
Where C is the new biased covariance matrix, U is the matrix of original eigenvectors, T denotes
transpose, and   are the analytically biased eigenvalues. These matrices were then used in the bootstrapping
routine for mean flexibility as discussed above.
2.4.5 Controlling for size and shape related to size
To calculate integration and evolvability statistics after removal of PC1, the residual covariance matrix (R)
at each repetition at each sample size was obtained using the formula (Marroig et al. 2004):
(Equation 2.3)
R = P VTV
Here P is the phenotypic variance covariance matrix, V is the size-related eigenvector computed using
principal component analysis, and T denotes transpose. In this case V is the unstandardized form of PC1
where the sum of the squares is equal to the eigenvalue of the vector (Marroig et al. 2004; Shirai and Marroig
2010). Using the resulting R matrices, the PCs, r2, mean constraints, and mean evolvability statistics (mean
flexibility, mean evolvability, mean conditional evolvability, and mean autonomy) were calculated as above.
All simulations were run in the R statistical programming language (R Development Core Team 2011)
using programs written by the author. Tests for positive definite covariance matrices were performed us-
ing the is.positive.definite function of the corpcor package (Schaefer et al. 2012) which tests whether all
eigenvalues of a matrix are positive. Rank was tested using the rank.condition function of the same package
which uses a singular-value decomposition to calculate the number of singular values of a matrix, which are
equal to the rank of that matrix.
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2.5 Results
2.5.1 PCs, integration, and mean constraints
First, comparing the amount of variance explained by PCs 1-10 from a P matrix estimated using a sample
size of 10 (Fig. 2.3:A) and 150 (Fig. 2.3:B) individuals reveals that given the reduced sample size there is a
large bias upward in the first few PCs and a significant downward bias in the smaller PCs as predicted by
equation 2.1. Note that the CI at a sample size of 10, which in addition to being substantially wider than
seen at 150, barely includes the population parameter value, while the mean statistic calculated at n=150
is almost the same as the parameter.
Moving from smaller to larger sample size (10 to 150 individuals) has a significant e↵ect on one common
measure of integration, the coe cient of determination (r2; Fig. 2.3:C). As suggested by the PC results
(Fig. 2.3:A vs. 2.3:B), at smaller sample sizes most of the variation is in the first few components and r2 is
greatly biased upwards —i.e. traits appear to be much more integrated than they are at larger sample sizes.
Comparing the results of r2 at n=10 versus n=150, the r2 is almost two times as large and the CIs are 3.5
times as wide, with the bias in the statistic having decreased substantially at around 80-100 individuals.
The e↵ect of overestimating larger PCs and underestimating smaller ones on the evolutionary response
given small sample sizes can be seen in Figure 2.3:D, which shows the average correlation between response
vectors and the first PC (mean constraints; Table 2.1). Here it is evident that given smaller sample sizes,
the evolutionary response will be along the dramatically increased PC1 to a far greater extent, instead of
along the selection vector. This bias in the evolutionary trajectory, which is the result of small sample sizes,
will directly e↵ect evolvability results as seen below.
2.5.2 Evolvability statistics
The e↵ect of sample size on evolvability statistics from Hansen and Houle (2008; Table 2.1) and Marroig
et al., (2009; Table 2.1) can be seen first in Figure 2.4. Note that these statistics in this analyses were
generally conducted on both matrices standardized by the trait means (Hansen and Houle 2008) and not
mean standardized, except when explicitly mentioned. As discussed above, mean standardization has a
number of benefits in analyses of evolvability, but here statistics were computed on non-mean standardized
data to make the results informative with regards to previous studies that have not used mean standardization
(Villmoare et al. 2011; Lewton 2012).
The mean flexibility, mean conditional evolvability, and mean autonomy results (Fig. 2.4:A,C,D), show
strong negative bias in the best estimates (the mean of the bootstrapped replicates) given small sample
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sizes. There is an inflection point somewhere between 30-40 individuals where these statistics reach the
apex of its positive increase (meaning that the sharp increase in the statistics decreases at a point along this
interval), though they still increase after this point. For the the simulated data and 10 traits, all sampled
matrices were positive definite and full rank at n=11 individuals (Table 2.2), which suggests this negative
bias was due to sampling variance (Equation 2.1) rather than matrices being not positive definite or reduced
rank. Generally, all three plots (Fig. 2.4:A,C,D) show that the curve mostly levels out at a sample size of
80-100 individuals, though the best estimate never hits the population parameter value even at the largest
sample size shown here. However, the population parameter value is contained within the CIs. The CIs are
wider and thus the precision of these statistics is substantially lower at small sample sizes. For example,
for the mean conditional evolvability results the CIs were 2.5 times as wide given sample sizes of 10 versus
150. For the mean evolvability results (Fig. 2.4:B), the best estimate is not biased by small sample sizes as
seen in the other plots, though the precision is substantially lower at sizes below 30-40 individuals as seen
in the funnel-shaped CIs. Again, a sample size of around 80-100 individuals appears to produce CIs that
are only slightly larger than that seen in the largest sample size here (n=150). For non-mean standardized
data, though the evolvability and conditional evolvability have lost their operational meanings for reasons
discussed above, the same patterns of accuracy and precision issues hold for each of the four statistics (Fig.
2.8) as for the mean standardized data (Fig. 2.4).
The above sample size recommendation is only valid if the number of traits is around 10. Given an increase
in the number of traits to 20 (Fig. 2.5:A-D), the full set of traits from Grabowski et al. (2011), larger sample
sizes are necessary. Without going into each plot (Fig. 2.4) too deeply, when compared to the results with 10
traits (Fig. 2.4), it is clear that significant negative bias in the mean flexibility, mean conditional evolvability,
and mean autonomy results is maintained for larger sample sizes. For example, instead of the the apex of
inflection of the mean flexibilities results (Fig. 2.4:A) occurring at 30-40 individuals as seen with 10 traits,
now this point is somewhere around 40-50. The P matrices become positive definite and full rank for the
simulated data at n=21 (Table 2.2), so again the negative bias in the statistics is likely due to sampling
variance (Equation 2.1). In this case, a recommendation of at least 110 individuals is probably wise, but note
that the CI for mean conditional evolvability and mean autonomy never contains the population parameter
value (Fig. 2.5:C,D).
The analytical approximations for the bias in the evolvability results given mean standardized or non-
mean standardized data (Fig. 2.4 vs. Fig. 2.8) show that for 10 traits the fit is very close at n=20
for the mean conditional evolvability and mean autonomy results. Below this sample size the analytical
approximations are lower than the numerical results. There is no bias regardless of sample sizes for the
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mean flexibility or mean evolvability findings. When the number of traits is increased to 20 (Fig. 2.5),
the analytical results and the numerical results converge at a much later point for all results besides mean
evolvability, the one statistic with no negative bias.
Finally, the comparisons between the evolvabilities of Pan and Homo (Fig 2.6:A-D) for 20 traits show
that at small sample sizes the CIs overlap, and therefore tests of significant di↵erence would be unable to
reject the null hypothesis.For this data, the point where the CIs stop overlapping changes depending on the
statistic of interest, but sample sizes of 50-60 individuals would likely allow for tests of di↵erence, though
the results would still be negatively biased as shown above.
2.5.3 Size
The removal of size and size related shape via removal of PC1 (Fig. 2.9) has a large e↵ect on the amounts of
variation in each dimension of the P matrix (Fig. 2.9:A,B). Comparing the PCs without PC1 (Fig. 2.9:A,B)
to the level with PC1 (Fig. 2.3:A,B), there is a reduction in the magnitude in all the PCs, with the largest
e↵ect in reducing the upward bias in PC1 seen at n=10 for the non-size corrected data. For the r2 results
(Fig. 2.9:C), though the pattern of an upward bias at small sample sizes seen previously still holds; the
reduction in variation leads to the parameter value changing from almost 0.1 to around 0.065 (Fig. 2.3:C vs.
2.9:C). In other words, this transformation lowers the apparent magnitude of integration of the population
parameter value. Interestingly, mean constraints (Fig. 2.9:D), the average correlation between the response
vector and PC1 is only biased by small sample sizes below 30 or so individuals, and this statistic is higher
than seen when size is not removed (Fig. 2.3). This is a topic for further exploration as it could suggest
that the evolutionary response will be biased along the new PC1 to a much greater extent than previously.
Turning to the e↵ect of removing size and size related shape via removal of PC1 on evolvability statistics,
Figure 2.7:A,C reveal evolutionary flexibility with (A) and without (C) mean-standardization for sample sizes
10-150. In both the mean standardized and non-mean standardized data, the matrices with size removed
are more flexible due to lower levels of integration (Fig. 2.4:A vs. 2.7:A; Fig. 2.8:A vs. Fig. 2.7C). But
the best estimate of evolvabilities (Fig 2.7:B,D) are lower given the removal of PC1 than they are with PC1
(Fig. 2.4:B and Fig. 2.8:B) whether the data is mean-standardized or not. For this data set, it was not
possible to calculate conditional evolvabilities or autonomies after removal of PC1 as this made the matrix
not positive definite at any sample size.
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2.6 Discussion
Integration between traits can have a profound e↵ect on evolution, biasing, and facilitating particular evolu-
tionary trajectories (Lande 1979; Lande and Arnold 1983; Arnold et al. 2001; Steppan et al. 2002; Pavlicev
et al. 2011). Methods to quantify integration are numerous (e.g. Wagner 1984; Cheverud et al. 1989;
Hansen and Houle 2008; Pavlicev et al. 2009), though approaches to quantify the e↵ects of integration on
evolution are less so (e.g. Cheverud 1996b; Hansen and Houle 2008). Recent work by Hansen and Houle
(2008) focusing on evolvability is a significant move in this direction, complemented by earlier studies (Houle
1992; Hansen et al. 2003a; Hansen et al. 2003b). These measures are explicitly linked to biological reality
through the Lande equation (Lande 1979) which lies at the core of the majority of quantitative genetics
research on the e↵ects of natural selection on phenotypic evolution. One area that has been previously unex-
plored is the e↵ect of sampling and transformations on integration and evolvability statistics (but see Shirai
and Marroig (2010)). The results of this analysis emphasize the usefulness of taking an approach informed
by conceptual measurement theory when planning and conducting analyses. This approach emphasizes that
the theoretical context, the reason for collecting measurements in the first place, should be kept front and
center when collecting data, performing analyses, and interpreting results.
In terms of theoretical context, the key word in analyses which employ integration and evolvability
statistics is variation, and estimates of variation that significantly depart from population parameter values
due to faulty experimental design or transformations can render the results meaningless with regards to
the original research questions. In terms of experimental design, the results shown above suggest that for
analyses using 10 morphological traits, a sample size of around 80-100 individuals is needed to remove
substantial negative bias in statistics that quantify integration (the coe cient of determination, r2; Fig.
2.3:C) and evolvability (mean flexibility, mean conditional evolvability, and mean autonomy statistics; Fig.
2.4:A,C,D). The small sample size e↵ect also decreases the precision of the estimated statistic (i.e. increases
the CI size). The mean evolvability statistic showed no negative bias, though at small sample sizes there
was greatly decreased precision (seen in large CIs; Fig 2.4:B). As seen in the PC plots (Fig. 2.3 and Fig.
2.9) and supported by the close fit between the numerical analytical results based on the bias equation
(Equation 1), this bias is generally caused by sampling variance in the P matrix, rather than matrices
being not positive definite or reduced rank (Table 2.2). Sampling variance at small sample sizes results
in the first few PCs having a large upward bias and the smaller PCs having a downward bias. In other
words, given small sample sizes, more variation will be contained in fewer directions, making the matrices
appear more integrated and biasing evolvability towards the larger dimensions. Below a sample size of about
n=20 the analytical approximations for mean conditional evolvability and mean autonomy are lower than
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the numerical results, though there is no bias regardless of sample sizes for the mean flexibility or mean
evolvability findings. When the number of traits is increased to 20 (Fig. 2.5), the analytical results and the
numerical results converge at a much later point for all results besides mean evolvability, the one statistic
with no negative bias. The di↵erence between the numerical and analytical results at small sample sizes
could be due to: a) the analytical results overestimating the bias; b) the numerical results underestimating
it; or c) the combination of those two factors. Because the numerical results are based on evolutionary
simulations rather than a series of analytical equations this result is probably closer to the parameter value.
In addition, the last term of the analytical equation (Equation 2.1), states that the order of the magnitude
of the error is approximately 1n2 . What this means that the error in the approximation will greatly increase
given small sample sizes. Because this term could not be expanded past the first order-approximation it is
left out of the calculations of the analytical results shown here.
This sample size requirement increases given more traits (for 20 traits at least 110 individuals is probably
warranted; Fig. 2.5) and slightly decreases given less (five traits; Fig. 2.10). Though this would seem to
argue for using fewer traits in these types of analyses to allow for smaller samples of individuals, using a
small number of traits may be missing important constraints on evolution due to patterns of integration.
The issue of which traits to include or leave out in a quantitative genetic analysis is an old one (e.g. Lande
1979), and this study can only say that it is likely better to have more traits than you need than fewer,
though this may substantially increase sample size requirements. In fact, for 20 traits, the 95% confidence
interval never includes the population parameter value, even at the highest sample size (Fig. 2.5). On
the other hand, results suggest that significant di↵erences in evolvability statistics between groups could be
detectable starting at n=50 (Fig. 2.6), though this number is likely to vary depending on how di↵erent the
magnitude of variation and integration is between the groups. It should be noted that planning an analysis
to use only the sample size required to test for di↵erences between populations rather than attempting to
estimate population parameter values will make the results only useful in that particular comparison —i.e.
the findings will not be comparable to other studies as the estimate of the population parameter value will
likely be very biased. In addition, having more rather than less traits may reveal constraints on evolution,
and di↵erences between species in this quantity, that would be missed otherwise. In terms of the universality
of these recommendations, the number of individuals required to significantly decrease bias will depend on
the number and type of traits as well as the level of variation and integration of these traits with each other.
It is promising that, regardless of the number of traits, which also varied in their levels of integration (from
Grabowski et al. (2011), mean autonomy values for individual traits range from less that 0.2 to around 0.7
on a scale of 0-1), the sample size recommendations were generally similar between data sets.
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The results discussed so far were based on simulated data, where the samples are drawn from a multi-
variate normal population, and therefore the traits within the samples will also be multivariate normal even
at low sample sizes. When covariance matrices are constructed from small samples of real data, this may
not be the case. In other words, the results so far show what is possible in a perfectly normal universe. The
real-world data used here is marginally normal (average p-value is 0.065 via a multivariate Shapiro-Wilk
test). This di↵erence from normality leads to a higher number of individuals required for the matrices to
become positive definite and full rank, regardless of the number of traits (Table 2.2), meaning that larger
sample sizes than discussed above might be needed to reduce bias (Fig. 2.11). Though the exact level of
individuals required will likely vary between analyses, based on the flattening of the curve shown here (Fig.
2.11), the real data results suggest sample sizes of around 100 might be adequate to produce only slightly
negatively biased results.
Looking at what these statistics mean in a geometric sense can provide some insight into why only mean
evolvabilities produce unbiased results, though their CIs were dramatically larger at small sample sizes.
Given small sample sizes, sampling variance may cause some directions to either not exist (i.e the matrix
has reduced rank) or have either little or no variation (ill conditioned or semipositive definite, respectively),
and more variation concentrated in larger directions. As the response vector in multivariate analyses is the
combination of selection on more than one direction (i.e. the number of elements in the vector is equal
to the number of traits), the absence of directions, or the absence or near absence of variation in some
directions, along with the upward bias in others, will lead to the response veering o↵ in directions that are
not along the trajectory of the selection vector. In the case of mean flexibilities, the correlation between
the response vector and the selection vector, this veering o↵ will result in the inability to align the response
vector with the direction of selection and will directly negatively bias the best estimate of this statistic.
In the case of mean evolvabilities, the average magnitude of the response to selection in the direction of
selection, though the unpredictable direction of the response will lead to some very low evolvabilities, given
a large number of selection vectors, these directions will average out to the same number of positive and
negative deflections. This will result in a best estimate of the evolvability being unbiased but leading to
relatively large CIs as the projection of the magnitude of the response on the selection vector will vary
from very small to large depending on the angle of the response compared to the selection vector. Mean
conditional evolvability is measured as the average projection of the response onto the selection vector
but is constrained to follow the direction of selection. Because of this constraint, which is not present in
evolvabilities, the response vector cannot veer o↵ from the direction of selection and therefore small samples
lead to a reduction in the magnitude of the response (seen in the negative bias) rather than a similar
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large increase in CIs as seen in the evolvabilities. Negative bias in mean autonomies is to be expected
as autonomy is the proportion of evolvability that remains after including constraints due to patterns of
integration (autonomy = conditional evolvability/evolvability; Table 2.1, though the mean form of these
statistics does not have this exact relationship).
With regards to transformations, controlling for size and allometric e↵ects have long been a common
techniques in morphological analyses, but any approach removing these e↵ects will likely have a significant
impact on integration and evolvability statistics. It is also important to note that the approach used here
and other types of such transformations (e.g. Lleonart et al. 2000) also remove the operational meaning of
evolvability (Hansen et al. 2003a). The results of this analysis show that removing size and size related shape
via PC1 (Jolicoeur and Mosimann 1960; Darroch and Mosimann 1985) decreases the integration statistic
(r2; Fig. 2.3:C vs Fig. 2.7:C), increases the mean flexibility (Fig. 2.3:A vs. Fig 2.7:A) as found in Shirai
and Marroig (2010), and decreases evolvability (Fig 2.3:B vs. Fig 2.7:B). The other evolvability statistics
(mean conditional evolvability and mean autonomy) could not be calculated due to the resulting P being
not positive definite at any sample size after this transformation. These findings make sense as size is a
general factor that works to integrate the functioning of the semi autonomous functional and developmental
modules that make up a morphological structure (Shirai and Marroig 2010). It is also the major source of
variation in most populations, and therefore plays a large role in influencing the direction and magnitude
of evolutionary trajectories. The point here is not to compare each result given removal of size or not,
it is that such transformations should only be performed when warranted by the research question. Such
a question could be: How do species di↵er in their levels of integration or evolvability statistics given
removal of size and size-related e↵ects? Removing size variation and only leaving variation in shape might
indicate something about integration between traits, but it will not indicate anything about a populations
potential for evolution in the natural world except under hypothetical and restricted circumstances. Such
a transformation shows a disconnect between the theoretical context behind evolvability analyses and the
results, as well as a misunderstanding of when transformations are required and what they are doing to the
link between the real world and the data.
The results of this study highlight the importance of two broad issues in biology. The first the usefulness of
conceptual measurement theory (Houle et al. 2011) when planning and performing analyses and interpreting
data. The second is a well-known but often ignored issue —that it is dangerous to draw broad conclusions
based on small sample sizes. Though important in any type of analysis, when testing how di↵erences in
estimates of population variation and covariation a↵ect evolution, the small sample size issue is particularly
pertinent. Therefore, it may be beneficial in some cases to shift the focus away from broad surveys of large
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groups of species to targeted questions based on large sample sizes.
2.7 Recommendations for future integration and evolvability
analyses based on phenotypic data
1. Besides the   40 individuals necessary for the P for G substitution (Cheverud 1988), for 10 morpho-
logical traits, sample sizes of around 100 individuals are required to reduce bias and increase precision
in the statistics shown here, but more is always better.
2. For a larger number of traits, the number of individuals required to produce precise and accurate
estimates also increases, with at least 110-120 individuals required to reduce significant bias and
decrease CI size. It should be noted that even at 150 individuals, for 20 traits the CIs for some
evolvability statistics (mean conditional evolvability and mean autonomy) here do not contain the
population parameter value.
3. With small enough sample sizes, comparisons of evolvability statistics will likely be invalid due to
overlapping CIs (Fig. 2.6). The results here suggest that a sample size of 50 or more is needed to
allow for comparisons using 20 traits, but this requirement will depend on the number of traits as well
as the magnitude of variance and integration of those traits. More importantly, as mentioned above,
while such a sample size may allow for comparisons between populations or species within an analysis,
it will very likely render the results of such an experiment misleading when attempting to compare
population parameter estimates between analyses.
4. Additionally, because negative bias decreases with increasing sample sizes, keeping the number of
individuals fairly constant between species is very important when comparing CIs or using significance
tests (Fig. 2.6).
5. Future research focusing on bias correction due to sample size in integration and evolvability statistics
would be most welcome.
6. And importantly, conceptual measurement theory concepts should be applied when planning analyses.
Probably the most important point discussed here is to keep the theoretical context used when planning
and collecting data in mind when interpreting results. Loosing track of context can lead to conclusions
that are not valid.
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Chapter 3
Divergent patterns of integration and
reduced constraint in the human hip
and the origins of bipedalism
1
The pelvis plays a major functional role in many aspects of primate locomotion, and variations in
pelvic morphology have been found to coincide with di↵erences in locomotor behavior (Sigmon and Farslow
1986). Because habitual bipedalism is unique to humans among primates, the striking di↵erences in pelvic
morphology observed between humans and other members of this group are not unexpected (Schultz 1930).
Previous analyses of hominid (great apes including humans) pelves have focused on di↵erences in mean
shape or size of traits between humans and other great apes and have identified a set of traits hypothesized
to be functionally involved in bipedal walking and running (Tables 3.1 and 3.2). Analyses of fossil hominin
pelves have compared both the degree to which these traits approach the human condition, as well as
the presence or absence of these traits, in forming conclusions on the similarities between modern human
locomotion and that of the species under study (Lovejoy et al. 1973; Stern and Susman 1983; Lovejoy et
al. 2009c). Hypotheses for the cause of these morphological di↵erences have ranged from models positing
complex patterns of selection on many di↵erent aspects of morphology at di↵erent times (Robinson 1972)
to a simple pattern of selection that caused small modifications to developmental processes with many
correlated responses (Lovejoy et al. 1999). While identified traits may individually play major roles in
bipedal behavior, many past studies of morphological structures (Lande 1979; Cheverud 1982; Lande and
Arnold 1983; Marroig et al. 2009; Rolian 2009; Young et al. 2010) suggest that it is unlikely that each
trait evolved independently from other traits. Instead, associations between traits —patterns of integration
—may exist due to pleiotropic and environmental e↵ects that act during the development of organisms
(Lande 1979; Lande and Arnold 1983; Steppan et al. 2002).
Because of these associations, selection on one trait may lead to correlated responses in other associated
traits, which can influence evolutionary trajectories. In addition to patterns, studies suggest that magnitudes
of integration i.e. the overall or average level of associations between traits expressed in an integration
1This chapter has been previously published as: Grabowski, MW, Polk, JD, Roseman, CC. 2011. Divergent patterns of
integration and reduced constraint in the human hip and the origins of bipedalism. Evolution 65.5:1336—1356. Permission to
reprint has been granted.
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pattern —can also influence evolutionary responses to selection. Species with lower magnitudes of integration
have been found to respond in the direction of selection to a significantly greater degree than more integrated
species, while the latter responded generally along the direction of size-related variation (Marroig et al. 2009;
Porto et al. 2009). Patterns of integration can evolve in response to natural selection, which has the potential
for allowing evolution into new areas of morphospace, and how these patterns have changed between species
and other groups has provided a new arena for evolutionary analysis (Porto et al. 2009; Marroig et al.
2009; Young et al. 2010). Here we explore the relationship between large-scale functional and morphological
di↵erences and the evolution of morphological integration by asking a series of questions about how patterns
and magnitudes of integration in human hip di↵er from other African great apes and the role these changes
might have played in hominin evolution.
Patterns of integration can constrain or facilitate the ability of a population to respond to natural
selection owing to uneven distributions of the magnitudes and/or directions of morphological variation.
Most traits show ample genetic variation (Houle 1992), but rates of phenotypic evolution are much slower
than expected using models of random genetic drift or directional selection (Lynch 1990; Hansen and Houle
2004; Estes and Arnold 2007). Stabilizing selection that keeps traits near their fitness optimum has been
suggested as a cause of this pattern (Lynch 1990; Hansen 2003a; Hansen and Houle 2004). A trait under
stabilizing selection would influence the levels of variation in all traits correlated with this trait, and thus
limit or bias (i.e. constrain) evolutionary responses in the correlated traits. Therefore, covariance between
traits may be a major factor in producing the low observed rates of morphological change (Hansen and
Houle 2004). In a real world situation, numerous traits may be integrated with any one trait and with each
other; therefore, levels of constraint on a trait are a reflection of all of these interactions (Hansen and Houle
2008). Changes in patterns of integration can also facilitate evolution by natural selection by realigning the
vector of greatest variation with the vector that accounts for the di↵erences in fitness among individuals in
a population (Arnold 1992; Schluter and Nychka 1994; Schluter 1996; Wagner et al. 2007), and thus these
types of changes may promote adaptation (Merila and Bjorklund 2004).
Patterns of integration are hypothesized to have evolved by natural selection. Selection for pleiotropic
genetic e↵ects might occur when traits interact to perform some function or must coordinate in development
(Cheverud 1996). For example, a population that possesses covariance between the sets of genes that
contribute to the morphology of the mandible and maxilla might have higher average fitness than a population
that does not (Cheverud 1984). However, the genetics underlying patterns of integration and the formation
of these patterns are currently not well understood (Wagner et al. 2007; Arnold et al. 2008; Pavlicev et
al. 2008; Eroukhmano↵ et al. 2009). Recent studies have shown that patterns of integration can evolve
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in response to natural selection (Ro↵ and Mousseau 1999) and have suggested that patterns can reflect
past bouts of natural selection (Beldade et al. 2002; Eroukhmano↵ 2009); thus, di↵erences in patterns of
integration between closely related species could reflect past selective pressures for divergent functional ends.
The genetic contribution to patterns and magnitudes of integration is described by the genetic vari-
ance/covariance matrix (G), a symmetric matrix with the genetic variance of each trait on the diagonal and
covariance with other traits on the o↵ diagonal. Due to the great di culty of employing the large-scale breed-
ing designs that are necessary to estimateG for the species in this study, the phenotypic variance/covariance
matrix (P) will be used in place of G. This is a common strategy in comparative studies of patterns of co-
variance and is justified by the fact that P and G tend to be very nearly proportional for morphological
structures (Cheverud 1988; Cheverud 1995; Ro↵ 1995; Ro↵ 1996; Marroig et al. 2009; Porto et al. 2009),
including the pelvis (Kohn and Atchley 1988). This substitution allows evolutionary quantitative analyses
of phenotypes using a P constructed from individuals of unknown relatedness (Porto et al. 2009; Marroig
et al. 2009; Young et al. 2010), and on these grounds, this exchange will be used here.
Numerous morphological di↵erences between the hip bones of humans and other African great apes have
been hypothesized to reflect a large-scale change in locomotor behavior (Table 3.2), making it a promising
comparative system for testing whether interspecific changes in patterns and magnitudes of integration
coincide with changes in trait means and biomechanical function, a long-standing prediction of the theory
of phenotypic integration. For example, reduction in the height of the iliac blades in modern humans when
compared to other great apes brings sacroiliac articulation closer to the level of the acetabulum, lowering
the center of mass and shortening its moment arm during the single support phase of walking (Table 3.2;
Lovejoy et al. 2009c).
To explore the relationship between the evolution of magnitudes and patterns of integration and drastic
changes in function and morphology, we ask the following questions: i) Is there a significant reduction
in the magnitude of constraint and integration in the human hip when compared to other African great
apes? If other African great apes reveal levels of constraint and integration that are similar to each other,
a finding that there has been a significant reduction in both of these metrics in the human hip alone
suggests that natural selection likely broke down ancestral hominid integration patterns to allow traits to
respond to further selection pressures with greater independence from other traits and thus permit change
into previously unexplored areas of morphospace. ii) Are significant di↵erences in patterns of integration
between humans and other African great apes concentrated in traits hypothesized to serve functional roles
in bipedalism (Table 3.2), and do these traits show significntly reduced levels of constraint and/or greater
autonomy in humans? Such a finding would suggest that it was natural selection for bipedalism that changed
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patterns of integration, lowering levels of constraint and integration in bipedal traits and thus allowing them
to respond to further selective pressures with a greater independence from other traits. iii) Is there evidence
that a reintegration in the human hip has occurred in response to natural selection on a linear combination of
traits that diverges from other African great apes? Instead of merely breaking down patterns of integration,
selection could have both reduced integration levels and reintegrated traits in humans in a significantly
di↵erent way than other African great apes. Finally, iv) Does the human pattern of integration facilitate
the transition between a non-human African ape-like morphology to a human morphology to a significantly
greater extent than that of other African apes? To put this question another way, would the evolutionary
transition between a chimp or gorilla hip morphology to a human hip require a significantly lower amount of
selection given a human-like pattern of integration than that of either other species? In conjunction with the
results from question iii) above, such a finding would suggest that traits have been reintegrated in humans
in such a way that has facilitated evolution along the vector specifying non-human African great ape-human
morphological di↵erences.
We demonstrate that the human hip is less integrated and less constrained overall than other African great
apes, and changes in integration patterns in humans are focused in traits commonly believed to play major
functional roles in bipedalism; these traits have significantly lower levels of constraint and/or integration
compared to homologous traits in other great apes. We show that humans have a pattern of integration
that matches what we would expect for a reintegration in response to divergent selective forces rather than
merely a general disintegration. Finally, we provide evidence that, though the direction of selection between
African great apes and humans is one that is significantly more di cult to traverse than selection along
the direction of variation in size or in random directions, the human pattern of integration has evolved in
a way which could have facilitated the transition from an African great ape-like to a human-like hip form.
Taken together, our results suggest that natural selection for bipedalism broke down existing pre-hominin
integration patterns and realigned the covariance matrix in a way that could have facilitated the complex
morphological changes necessary to permit habitual upright walking.
3.1 Materials and methods
3.1.1 Data collection
To estimate P for the hip bone in humans and extant African great apes, 3-D landmark data (Fig. 3.1,
Table 3.1) were collected from Homo sapiens ( n=136; m=71, f=65), Pan troglodytes ( n=136; m=67,
f=69), and Gorilla gorilla ( n=135; m=88, f=47), using a Microscribe digitizer (Immersion, San Jose, CA)
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for homologous bony landmarks on the hip bone on samples housed at the National Museum of Natural
History (Washington, D.C.), the American Museum of Natural History (New York, N.Y.), the Museum of
Comparative Zoology (Cambridge, M.A.), the Cleveland Museum of Natural History (Cleveland, O.H.), the
Anthropological Institute and Museum at the University of Zurich (Zurich, Switzerland), the Museum fur
Naturkunde (Berlin, Germany), the Royal Museum for Central Africa (Tervuren, Belgium), and the Royal
Belgian Institute for Natural Sciences (Brussels, Belgium). From these 3-D coordinates, inter-landmark
distances were calculated that combine previous functional hypotheses on bipedal behavior based on pub-
lished literature (Table 3.2) and an attempt to quantify overall form (Fig. 3.1, Table 3.1). Digital calipers
(Mitutoyo Series 500-, 19X-, 20, Plymouth, MI) and an GPM anthropometer (Siber Hegner and Co., Zurich,
Switzerland) were also used to take a small subset of the distances deemed to be relevant to this study
using the same criteria which were di cult or impossible to take using 3-D landmarks (Fig. 3.1, Table 3.1).
Measurement error is of particular concern in integration studies as it can increase variation and hence lower
levels of integration (Marroig et al. 2009). To quantify measurement error, we took repeated 3-D landmarks
and caliper measurements on a subset of each species used in this analysis and calculated the among group
variance component (where groups are each set of repeated measurements; (Sokal and Rohlf 1995)). All
measurements were at least 93% repeatable, with the majority above 95%.
The phylogenetic hypothesis we adopt for this analysis places G. gorilla diverging from the most recent
ancestor (MRCA) with P. troglodytes and H. sapiens between 7.7-9.2 million years ago (Ma), and the MRCA
of P. troglodytes and H. sapiens at 6-7 Ma (Steiper and Young 2006).
3.1.2 Data preparation
Sources of variation and covariation that are unrelated to the genetic architecture underlying traits must be
removed before estimating P or G as these could cloud any integration analyses. For example, estimating
matrices without statistically removing the e↵ects of sex would combine representations of variation common
to both sexes with variation and covariation due to sexual dimorphism (Marroig et al. 2009). Humans have a
significantly broader geographic range than any other great ape, which has been found to have consequences
for hominin body shape and postcranial morphology (Ru↵ 1995; Pearson 2000; Weaver 2003). Though the
relatively wide range of geographic origin for the human sample might be seen as causing divergent patterns
of integration for humans when compared other African great apes, studies of morphological integration
analyze patterns of within-population variation and covariation (here we look at species-level di↵erences,
i.e. humans versus chimpanzees), rather than among-population patterns (between human populations).
Because of this fact, any e↵ects of geography, like sex, must be controlled for in the human samples prior
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to analyses to quantify genetic underpinnings common to all humans, and therefore geographic di↵erences
have no bearing on this analysis.
Uncertainty about the population of origin or subspecies of the non-human African great ape samples
hinders our ability to take into account the possibly confounding e↵ects of among-population di↵erences in
the same way that we do in humans. Little is known about the distribution of among-population di↵erences
in postcranial characteristics in apes, and for most individuals, we have no way of knowing to which geo-
graphic region the non-human African great apes belonged. How population structure will a↵ect integration,
evolvability, and constraint is a complex issue, and depends on whether or not divergence among groups is
out of proportion to covariance within groups. Furthermore, we do not have a good sense of how the non-
human groups in this sample vary among populations (within each species) with respect to the phenotypes
studied here. Chimpanzees and orangutans, at least, may not exhibit as pronounced genetic di↵erentiation
among sub-specific groups as previously thought when compared to humans (Fischer et al. 2006), and it is
not clear that there are profound among-group di↵erences in postcranial traits. While this has not been ex-
tensively studied in great apes, cranial traits in gorillas do not appear to have a significantly larger amount of
among-population (between subspecies) divergence relative to total within-species variance when compared
to humans, irrespective of the fact that mitochondrial evidence indicates fairly deep separation among the
subspecies (Leigh et al. 2003).
To ensure that our estimates of P reflect genetic underpinnings rather than the confounding e↵ects of
sex, we used the residual covariance from a MANOVA with the 20 traits as the dependent variables and sex
as the independent variable, thus pooling the covariances across the sexes, which is a common procedure in
integration studies (Ackermann and Cheverud 2000; Marroig et al. 2009; Porto et al. 2009). In addition, we
removed the e↵ects of population from the human data set in a similar manner to ensure that our estimate
of P was free of variation that was the result of geographic patterning (Young et al. 2010). To test whether
incomplete data for each sex a↵ected our results, we redid the analysis on only the individuals possessing
complete measurements, complete subsets of the data separated by sex, and subsets of equal sample sizes
with equal sexes and these results were consistent with those of the full data set reported here. We also
repeated the analysis performed here on the human sample without removing the e↵ects of geography and
found that this change has no quantitative e↵ects on our results. Thus, although geography has been found
to have significant e↵ects on trait means between populations, at least for the groups here, it has little e↵ect
on patterns or magnitudes of integration.
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3.2 Analysis
3.2.1 Magnitudes of integration
i)Is there a significant reduction in the magnitude of constraint and integration in the human hip when
compared to other African great apes?
We begin by testing if the human pattern of hip integration di↵ers from other African great apes and if
the other African great apes di↵er from one another in terms of the mean levels of evolvability, conditional
evolvability, autonomy, integration, and flexibility (Table 3.3; see also Marroig et al. (2009): Table 3.1),
which will be used to address our first question. First, we compared the evolutionary potential of the
P matrices without regard for evolutionary constraints due to patterns of integration by calculating the
mean evolvability statistic (e¯; Table 3.3), which measures the average ability of a population to respond to
selection pressures across all possible directions in morphological space. Since characters may be constrained
by genetic covariances with other characters that are under stabilizing selection in nature, evolvabilities may
not reflect the amount of genetic variance available to directional selection as this metric does not incorporate
covariance between traits which may serve to constrain the evolution of any one trait (Hansen 2003b).
To quantify the reduction in evolvability due to covariance with other traits in the hip, we next calculated
mean conditional evolvability (c¯; Table 3.3), which measures the average ability of a population to respond
in the direction of selection when under evolutionary constraints due to patterns of integration. In this case,
no response is allowed in any other direction of phenotypic space other than the direction of selection, and
therefore the statistic is a proxy for the constraint due to covariance between traits in an organism under
strong stabilizing selection (Hansen 2003a; Hansen and Houle 2008). A higher value of c¯ means that there
is less constraint and hence more variance on which evolution could act in the hip.
We quantified the magnitude of integration for the great ape hip using the mean forms of two statistics:
mean autonomy (a¯; Table 3.3), which expresses the proportion of evolvability that remains after reduction
due to covariance with other traits under stabilizing selection, and mean integration (¯i; Table 3.3), which
expresses the relative reduction in evolvability due to covariance between traits. These statistics can be
thought of as two sides of the same coin; a¯ will be 1 if all traits are uncorrelated and have the same variance
(all traits are autonomous), and therefore the conditional and unconditional evolvabilities will be the same in
all directions of morphospace. In such a case, i¯ will be zero, but can show values increasing to 1 if covariance
between traits increases.
Next, we quantified the di↵erence between the direction of selection and the evolutionary response me-
diated by each species covariance matrix by calculating mean evolutionary flexibility (f¯ ; Table 3.3; Marroig
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et al. (2009)) for each species. While evolvability captures the ability of a species to evolve in the direction
of selection, evolutionary flexibility is the correlation between the selection and response vectors and thus
captures the ability of a species to track with the direction of selection (i.e. the extent to which the P matrix
deflects the evolutionary response from the direction of the selection gradient) (Marroig et al. 2009). In
each of the proceeding tests, selection vectors were created by drawing from a random normal distribution
with a mean of 0 and a standard deviation of 1, normalized to unit length, and then applied to each species
P matrix utilizing the equations in Table 3.3 to calculate the statistic of interest. The average values were
calculated by repeating this procedure 1000 times and taking the mean value of all the repetitions. In ad-
dition to this simulation approach, we also computed the analytical approximations of all statistics used in
this portion of the paper following Hansen and Houle (2008), and the results were consistent with findings
reported here.
Finally, within-group size and size related variation is important for studies of integration and modularity
as it has been shown that size variation can be regarded as a general integrating feature (Shirai and Marroig
2010). Larger di↵erences in size within a species could require more integration within and between modules
of a morphological structure to retain continuity of form and function, and thus, increasing size variation
can lead to increasing levels of integration (Shirai and Marroig 2010). To determine if humans di↵er from
other African great apes in the amount of within-group size variation, we calculated the amount of variation
accounted for in the first principal component of each species P, which encompasses size and size related
shape variation. The more variation the first principal component can account for, the greater the probability
that an evolutionary trajectory will be deflected along this vector (Marroig et al. 2009), termed the genetic
line of least resistance by Schluter (Schluter 1996).
3.2.2 Patterns of integration
ii)Are significant di↵erences in patterns of integration between humans and other African great apes con-
centrated in traits hypothesized to serve functional roles in bipedalism (Table 3.2), and do these traits show
significantly reduced levels of constraint and/or greater autonomy in humans?
To address our second question, we tested whether the human pattern of hip integration di↵ers in terms
of the relationships between individual traits from other African great apes, and whether these di↵erences
are concentrated in traits hypothesized to serve functional roles in bipedalism. While individual trait evolv-
abilities (Ip; Table 3.3), which are simply the trait variance standardized by the square of the trait mean
(Houle 1992), do not incorporate patterns of integration, they do provide a view of the potential level of
variation selection could act on in the absence of constraints. Plotting results for one species against another
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gives a qualitative view of which traits were more or less evolvable between species; these values were then
tested for significant di↵erences between species to make the comparison quantitative. A plotted line with
a slope of one and y-intercept of zero was added to each graph to show the expected relationship given
no di↵erence among trait-level evolvabilities between the species being compared. Two levels of statistical
significance were used, one specifying a critical value of ↵=0.05 and the other a Bonferroni-adjusted value
of ↵=0.0025 (0.05/20 traits). The more stringent significance criterion allows us to ensure that significant
departures from the null hypothesis of no di↵erence are not simply due to the fact that we are performing
multiple tests. In this regard, the Bonferroni-adjusted comparisons threshold for significance is conservative.
As mentioned above, evolvability statistics do not reflect covariance between traits, so to determine the
amount of variance for each trait remaining after accounting for constraints due to patters of integration, we
estimated the trait-level conditional evolvabilities (Cp; Table 3.3) and compared these results across species
using the same methods as Ip above. In this usage, trait-level conditional evolvability reveals the component
of genetic variance that is actually available to selection when the morphological structure is under strong
stabilizing selection (Hansen 2003a), and therefore, larger values in one species mean that there is either less
constraint on that particular trait due to a change in the pattern of integration in that species, or a greater
level of evolvability, or both.
To choose between these options, we then calculated the trait-level autonomy (Ap; Table 3.3), the
proportion of evolvability that remains after conditioning on other traits, and compared these results between
species using the same methods as Ip and Cp. In this case, trait-level autonomy reveals how autonomous
(as opposed to integrated) a particular trait is when compared to the same trait in another species. The Ap
and Cp metrics are related to each other (Table 3.3) trait-level conditional evolvability describes the actual
amount of variation available for selection to act on when a trait complex is under stabilizing selection, while
trait-level autonomy describes the proportion of evolvability that remains after allowance for reductions due
to patterns of integration and denotes how integrated a given trait is with the rest of the phenotype. While
the Cp plots reveal the amount of trait-level variation selection can act on given stabilizing selection on the
remainder of the phenotypes, the Ap plots reveal whether a significantly di↵erent Cp result was actually
due to a general increase in evolvability in that trait rather than a change in its pattern of integration
(i.e. whether the amount of constraint on a trait has actually changed). While the Ap plots, if analyzed in
combination with the Cp plots, have the potential to reveal if patterns of integration have changed between
species, variation is the fuel of evolution regardless of whether it is caused by increased trait-level evolvability
or reduction in integration, and hence the Cp results (Fig. 3.3) are the most relevant to this analysis.
Although some traits in this type of analysis might appear to have higher or lower levels of constraint,
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autonomy, or integration when compared to other traits within the same species, the within-species levels
of these metrics may change given inclusion or exclusion of other traits. Thus, the correct comparison here
is to look for significant di↵erences in these metrics between species (rather than within) given a pattern of
integration based on homologous traits.
3.2.3 Evolutionary response
iii) Is there evidence that a reintegration in the human hip has occurred in response to natural selection on
a linear combination of traits that diverges from other African great apes?
Up to this point, a significantly di↵erent result for humans when compared to other African great apes
could have been the result of general disintegration of the hip bone rather than a change that matches
the expected signature of a reintegration in response to patterns of directional selection. Instead of merely
breaking down patterns of integration, natural selection could have also realigned the covariance matrix
(i.e. reintegrated it) in response to the shape of the adaptive landscape over which the trait was evolving
(Arnold 1992; Schluter and Nychka 1994; Schluter 1996; Wagner et al. 2007). To evaluate between these
alternatives, we tested the hypothesis that the response of the human hip covariance matrix to random
evolutionary forces is more divergent from that of the other African great apes using the random skewers
method (Cheverud 1996). In this test, each matrix is subjected to the same random normalized selection
vectors and their responses are compared using vector correlation. After repeating this procedure 1000
times with random selection vectors sampled from a random normal distribution, the mean correlation is
a measure of the multivariate similarity between the directions of the evolutionary response to selection on
the two covariance matrices. For example, if two matrices only di↵er in their level of integration by some
scalar (i.e. di↵er in magnitude of integration but not pattern), the correlation between their responses to
the same random selection vectors will be 1, while two matrices that di↵er in their patterns of integration
will produce a level of correlation below this value reflective of their di↵erences. The significance of this test
was determined by comparing the average correlation between the responses to the same selection vector
to a distribution of correlations between random vectors sampled from a normal distribution, with the null
hypothesis being that the two matrices are not similar.
In order to test if one species P allows for a significantly divergent response to selection when compared
to the other two, tests for significant di↵erence between random skewers comparisons were conducted using
a parametric bootstrapping routine (Efron and Tibshirani 1993). This test determines if the distribution
of correlations between response vectors for two comparison are significantly di↵erent, and in conjunction
with the random skewers results can reveal if one species is integrated in a significantly di↵erent way than
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the other two. For example, if the comparisons of species 1 vs 2 is not significantly di↵erent than 1 vs. 3,
but both of these are significant di↵erent than the comparison of 2 vs. 3, this suggests that species 1 is
producing the significantly di↵erent random skewer result and thus is integrated in a divergent fashion than
the other two.
iv) Does the human pattern of integration facilitate the transition between a non-human African ape-like
morphology to a human morphology to a significantly greater extent than that of other African apes?
To address our fourth question, we used estimates of the selection gradients ( ; Table 3.3; Lande and
Arnold, 1983) that would be required to evolve one species into another to test whether it is significantly
easier to evolve from a Pan or Gorilla hip to a human hip using the human P than it is using either other
African great ape P. This was accomplished by calculating the evolvability along a beta statistic (e( ); Table
3.3; Hansen and Houle 2008), which captures the magnitude of the evolutionary response in the direction of
the selection gradient given a particular covariance matrix (Hansen and Houle 2008; Marroig et al. 2009).
Because the  s we calculated are estimates of the forces of directional selection that were required to evolve
one species into another (Table 3.3; Lande and Arnold 1983), evolvability along the beta therefore captures
the ability of a population possessing a given covariance matrix to transverse this multivariate distance, and
hence tests if one species pattern of integration facilitates the morphological change between species to a
greater degree than the other.
Using these same estimates of   we also calculated the magnitude of the evolutionary response in the
direction of selection when the response cannot deviate from the direction of selection (c( ); Table 3.3;
Hansen and Houle 2008) this is an estimate of the evolutionary response predicted given a strong level of
stabilizing selection. While e( ) gives the evolvability along the actual selection vector required to produce
the observed morphological changes between two species (i.e. the actual evolutionary change), c( ) is a
hypothetical situation where the mean phenotype is not allowed to evolve in any other direction than that
of selection. The morphology of the end point of this simulated selection could be quite di↵erent from the
actual evolutionary end point, but provides a lower limit to e( ) given patterns of integration and extreme
stabilizing selection. The  s used in this test and the e( ) analysis above were standardized to unit length
in order to have the magnitude of the evolutionary response be due to the direction of selection and the
pattern of integration, rather than the strength of selection.
All P matrices and  s were mean standardized (Hansen 2003b; Hansen and Houle 2008), except the Ps
used to calculate the principal components, which is standard practice to quantify size and size related shape
(Shirai and Marroig 2010). Mean standardization is necessary when comparing matrices interspecifically
to ensure that the amount of variation and covariation seen in each species P matrix is not simply the
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reflection of di↵erences in size and is on a common scale. If mean standardization is applied to the Ps and
then principal components calculated from these values, the first PC no longer reflects size and size related
shape, but instead reflects the multivariate vector of greatest variation standardized by the trait means and
cannot be interpreted in a similar fashion.
As the distribution of the statistics used in this analysis is currently unknown, all standard errors and
tests for significant di↵erences were calculated using a parametric bootstrap technique (Efron and Tibshirani
1993). All analyses in this paper were performed using programs written in the R statistical programming
language (R Development Core Team, 2007) by the first author.
3.3 Results
3.3.1 Magnitudes of integration
Humans have significantly lower levels of evolvability (e¯) when compared to other African great apes; chim-
panzees and gorillas did not di↵er significantly from each other (Table 3.4). If the e↵ects of population
structure are not accounted for in humans the e¯ statistic goes up slightly (0.885, standard error 0.040), but
is still significantly di↵erent than the other great apes. Comparisons of conditional evolvabilities (c¯; Table
3.4) indicate that the human hip bone is significantly less constrained by inter-trait correlations than either
of the other African great apes, which did not di↵er significantly from each other. The magnitude of integra-
tion and autonomy results i¯ and a¯ (Table 3.4), show that the human hip is significantly more autonomous
and less integrated than either Pan or Gorilla, while the levels of autonomy and integration in the latter
two species are not significantly di↵erent. The human P also has a significantly greater ability to evolve in
the direction of selection as measured by the f¯ statistic than the other African great apes, which do not
significantly di↵er in this metric (Table 3.4). Finally, the amount of variance accounted for in the first three
principal components for the non-mean standardized P of the three species (Table 3.5) shows that humans
have a smaller percentage of variance accounted for by PC 1 (size and size-related shape) when compared
to Pan and Gorilla, while the latter two species were similar in this component.
3.3.2 Patterns of integration
The Ip plot of Pan-Gorilla (Fig. 3.2:A) shows that most trait-level evolvabilities lie close to the line with a
slope of one and passing through the origin, with only three traits being significantly di↵erent at a ↵=0.0025
and five at ↵=0.05. The comparison of either species with Homo is more complex, with 11 traits that are
significantly di↵erent at the ↵=0.0025 in the Pan-Homo comparison, and 9 in the Gorilla-Homo comparison
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(Fig. 3.2:B,C).
Comparing these results to the Cp plots (Fig. 3.3:B,C) reveals that covariance between traits can have
a major e↵ect in reducing levels of evolvability available for directional selection to operate on when there is
stabilizing selection on other traits. The plot for Pan vs. Gorilla (Fig. 3.3:A) shows close correspondence
for trait-level conditional evolvabilities of those species with the exception of three traits at the ↵=0.0025
and five at ↵=0.05. Unlike the Pan-Homo and Gorilla-Homo trait-level evolvability comparisons (Fig.
3.2:B,C) both the Pan-Homo (Fig. 3.3:B) and Gorilla-Homo (Fig. 3.3:C) Cp plots reveal that humans
have a much greater number of traits which have significantly higher levels of evolvability given stabilizing
selection than homologous traits in either other African great ape species. The traits that are significantly
more conditionally evolvable in humans in the Pan-Homo comparison (Fig. 3.3:B,C; Fig. 3.4) are Traits
1 (anterior margin of the iliac blade), 2 (AIIS to superior pubic symphysis), 7 (acetabulum to superior
ischial tuberosity), 11 (superior ischial tuberosity to ischial spine), 12 (sciatic notch width), 13 (posterior
margin iliac blade), 16 (iliac blade height), 18 (morphological moment arm of ischium), and, 19 (lower pelvic
height) at a ↵=0.0025. Traits that are significantly more conditionally evolvable in humans in the Pan-Homo
comparison (Fig. 3.3:B) are also significantly more conditionally evolvable in humans in the Gorilla-Homo
comparison at a ↵=0.0025, with the addition of Trait 14 (auricular surface height). In addition, the Pan-
Homo (Fig. 3.3:B) and Gorilla-Homo (Fig. 3.3:C) comparisons are strikingly similar in terms of where
traits fall on the plots. Only two traits were found to be significantly more conditionally evolvable in Pan
and Gorilla at ↵=0.0025 when compared to humans, and were the same traits in either comparison (8,10;
Fig. 3.3:B,C). Figure 2.4 provides a graphical interpretation of the Pan-Homo Cp comparison.
When the Cp results are standardized by the trait-level evolvabilities, the Ap plots (Fig. 3.5:B,C) confirm
that the increase in the level of variation that can be selected upon in humans is due to a reduction in trait-
level integration rather than an increase in evolvabilities as they closely mirror the Cp results (Fig. 3.3:B,C).
The Pan-Gorilla Ap plots (Fig. 3.5:A) show that no traits are significantly di↵erent at ↵=0.0025, while
six are significantly di↵erent at a ↵=0.05 level. It should also be noted that there is only one trait that is
significantly more autonomous in Pan than Homo (Trait 10) and this occurs at the ↵=0.05 significance level.
This trait is also significantly more autonomous in Gorilla when compared to Homo at a ↵=0.0025 level,
and Trait 9 is significantly more autonomous in the former species when compared to the latter at a ↵=0.05
level of significance. Figure 2.6 provides a graphical interpretation of the Pan-Homo Ap comparison.
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3.3.3 Evolutionary response
The random skewers results (Table 3.6) show a lower correlation between the response vectors of the human
P when compared to the other two African apes than when those species are compared to each other.
While the distribution of the response vectors of the Pan-Homo and Gorilla-Homo comparisons were not
significantly di↵erent (p-value = 0.262) , the Pan-Homo vs. Pan-Gorilla and Gorilla-Homo vs. Pan-Gorilla
comparisons were significantly di↵erent (p-value = 0 in both cases; Fig. 3.9). Therefore, it is the inclusion of
the human pattern of integration in these comparisons that causes the reduction in correlation between the
species responses, and suggests that the human P has been reintegrated in a significantly di↵erent fashion
from other African great apes.
The results of the evolvability along the beta separating humans and other African great apes (e( ); Table
3.7) show that it is significantly easier for a Pan hip bone to evolve into a human hip bone or vice versa when
using a human P than to change from a Pan hip bone to a human hip bone using a Pan P. This result is also
repeated for the Gorilla-Homo pair, with the human P allowing for a significantly easier transition between
morphologies. This suggests that the human P has been reintegrated in a way that could have facilitated
the evolution of hominin hip morphology from an African great ape-like ancestor. Transitioning between
the Pan-Gorilla using the Pan P does not di↵er significantly from either the Pan-Homo or Gorilla-Homo
transitions using the human P, though it is significantly easier than the same transition using the Gorilla
P.
The point should be made here that facilitated here is a relative term. Figure 3.7:A,B combines the
result of the evolvabilities along the betas for the Pan-Homo transition using the Pan P and Homo P from
Table 3.7 with a distribution constructed from random selection vectors of unit length and the evolvability
along the first principal component (emax). The first principal component is the linear combination of the
original morphological traits with the greatest variance, and here denotes the upper limit to evolvability. As
the evolvability along the beta statistic incorporates a term that standardizes the result by the length of the
beta (Table 3.3), both the distribution (Fig. 3.7) and the results of Table 3.7 are on the same scale and can
be compared. As this figure makes clear, though the human pattern of integration allows for a significantly
easier transition between these two morphologies, it is still an evolutionary trajectory that is significantly
more di cult to traverse than selection in random directions, or on size, even given the human pattern of
integration.
The conditional evolvability results along the same beta (c( ); Table 3.8) show that is still significantly
easier to traverse the morphological distance between the species in the comparison when stabilizing selection
will only allow for evolution along the direction of selection using the human P than the P of Pan or Gorilla.
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While this test may not be realistic for how evolution actually progresses as it reveals selection along the
vector separating morphologies with no deviation from this direction, it provides a lower limit for the e( )
results, and reveals the extreme e↵ect integration patterns under stabilizing selection could have in reducing
the magnitude of the evolutionary response.
3.4 Discussion
This study provides evidence that magnitudes and patterns of integration in the human hip have evolved
along with changes in mean shape in a manner that could have facilitated the evolution of bipedal locomotion.
First, the magnitude of constraint and integration in the human hip has significantly changed when compared
to other African great apes. The results in Table 3.4 show that the human hip has a significantly lower level
of constraint and integration overall when compared to other African great apes, and thus, given similar
selective pressures, on average a human-like pattern of integration would allow for an evolutionary response
of greater magnitude than other members of this group. In addition, the human P allows for an evolutionary
response that coincides with the direction of selection to a significantly greater degree than the other species
in this analysis (Table 3.4). Non-human African great apes are not significantly di↵erent in any of the metrics
contained in Table 3.4. Finally, humans have the lowest amount of variation explained by the first principal
component (Table 3.5), which contains size and size related shape. Studies have suggested that groups
with lower levels of integration will be less biased to respond to selection along this multivariate direction
regardless of the direction of selection (Marroig et al. 2009; Shirai and Marroig 2010), and this finding agrees
with our other findings that the human pattern of integration could respond to similar selection pressures
on the hip with greater magnitude and more closely track the direction of selection than other African great
apes.
Second, the trait-level evolvability (Fig. 3.2:B,C), conditional evolvability (Fig. 3.3:B,C) and autonomy
plots (Fig. 3.5:B,C) reveal that the human pattern of integration has evolved so that traits identified as
important diagnostic indicators of bipedalism (Table 3.2) had significantly higher levels of variation under
stabilizing selection in humans when compared to homologous traits in other African great apes. This
increase in variation in humans means that these traits could respond to similar selection pressures to a
greater extent than the same traits in other African great apes, a result that suggests that these patterns
have evolved in a way that could have facilitated the evolution of this behavior (Fig. 3.3: B,C, Fig. 3.5:B,C).
Traits that have significantly greater variation for selection to act on given stabilizing selection in humans
when compared to Pan and Gorilla at a ↵=0.0025 level fall into three groups: 1, 13, 16, and 19 reflect the
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height and orientation of the iliac blade and height of lower ilium, 12 reflects both the posterior expansion
of the ilium and the height of the lower ilium, and 7, 11, and 18 reflect the length and orientation of the
ischial tuberosity with respect to surrounding landmarks.
The changes in traits that make up the first group reflect the shortening of the ilium which has occurred in
hominins leading to a reorientation of muscles that stabilize the pelvis during bipedal walking and running
(Robinson 1972; Stern and Susman 1983; Lovejoy 1988; Lovejoy 2005a; Sayers and Lovejoy 2008). The
second group overlaps slightly with the first in that they both contain traits that reflect the height of the
lower ilium, but this group also focuses on the posterior expansion of the iliac blade, which moves the center
of gravity backward to between the acetabulum and allows upright posture to be maintained with very little
energy expenditure (Robinson 1972; Stern and Susman 1983). The third group is focused on the length
and orientation of the ischium, believed to play a major role in e cient upright walking; the morphological
moment arm of the ischium reflects the mechanical advantage of hamstring muscles (Robinson 1972; Stern
and Susman 1983; Lovejoy 1988; Lovejoy 2005a; Sayers and Lovejoy 2008; Lovejoy et al. 1973; Fleagle and
Anapol 1992).
The only traits in the above three groups that are not found in Table 3.2 (7,11) have not been measured
(7) or discussed (11) previously in any major published study, but are included here to quantify changes
between traits of major hypothetical importance (Table 3.2) and surrounding landmarks. Trait 7 (center
acetabulum to superior-most border ischial tuberosity), was chosen to reflect the change in the orientation
of the hamstring surface relative to the acetabulum along with the length of the ischium (Lovejoy et al.
1973). As this trait is less constrained in humans even if Trait 18, the length of the ischium, is held constant
along with all other traits, this suggests that the relationship of the hamstring surface to the acetabulum,
which has been described as medially rotated towards the acetabulum (Day 1971), is independently less
constrained. Trait 11 (superior ischial tuberosity to ischial spine) was chosen to measure the angulation of
the ischium with respect the surrounding landmarks.
Trait 2 (ASIS to superior-medial border pubic symphysis) was also found to have more variation for
selection to act on in humans given patterns of integration; though this trait is not considered to play
a major role in bipedalism (Table 3.2), it may relate to the elevation of the superior pubic symphysis in
humans when compared to chimpanzees and earlier hominins, which has been hypothesized to play a role in
parturition in our species (Lovejoy 2005a).
These results mean that if selection acted on the traits in one of the three groups above and all other
traits are held constant by stabilizing selection, a human pattern of integration would allow the trait to
respond in the direction of selection to a greater extent as it is relatively less constrained than the same
74
trait in the other species i.e. there would be a greater amount of variation on which natural selection could
work. By becoming less integrated, traits like ischial length would have been able to respond to selection
pressures with relatively less constraint (Fig. 3.3:B,C Trait 18) from other traits allowing for greater mean
change, even without increasing overall evolvability (Table 3.4; Fig. 3.2). In combination with our finding of
close similarity between integration magnitudes and patterns in Pan and Gorilla (Table 3.4; Fig. 3.3:A; Fig.
3.5:A),this finding suggests that, at least for the traits examined in this analysis, it was selection pressures for
bipedalism that changed the patterns of integration in the hominin hip from an ancestral African great-ape
condition.
The traits that were found to be significantly more conditionally evolvable in Pan orGorilla at a ↵=0.0025
level (8, 10, Fig. 3.3:B,C) when compared to humans are concentrated in regions involved in bodily support
during orthograde behavior (8) or the width of the lower hip (10). Trait 8 (ischial spine length) reflects
the length and orientation of the ischial spine, to which many of the muscles that make up the pelvic
floor supporting the viscera during bipedal stance attach (Abitbol 1988). Similarly, trait 15 (retroauricular
width), which has been hypothesized to play a major role in the mechanical e ciency of the sacroiliac joint
(Table 3.2), had significantly higher Cp results at the ↵=0.05 level in Pan and Gorilla compared to Homo.
Because both traits have significantly lower levels of variation in humans, this finding might suggest some
role of constraint on traits that are involved with upper-body support during bipedalism. Further support
could be obtained by testing if this trait were even less constrained in a quadrupedal primate such as Papio
when compared to the semi-erect posture of the non-human knuckle-walking African great apes, but this
suggestion remains to be explored. As Trait 10 has significantly higher Ap as well as Cp results in the other
African great apes when compared to Homo, it will be discussed below.
The Ap (Fig. 3.5:B,C) results mirror the Cp findings, and show that the increase in variation available
for selection given the human pattern of integration is principally due to a reduction in constraints (greater
autonomy and less integration) rather than an increase in evolvability (confirmed by the Ip results; Fig.
3.2:B,C). Though most traits that are significantly di↵erent between the non-human African great apes-
human Cp comparisons are also significantly di↵erent in the Ap comparisons (Fig. 3.5: B,C), the few that
di↵er in the two comparisons can be instructive as to the relationship between the two statistics.
For example, although Trait 1 has a significantly higher level of variation on which selection could act
in the conditional evolvability plots in humans than other African great apes (Fig. 3.3:B,C), it is not
significantly di↵erent in the autonomy plots (Fig. 3.5: B,C). This suggests that though there would be
greater variation for selection to act on in this trait given stabilizing selection on other traits in the hip,
this was likely be due to a trait-level evolvability increase (i.e. an increase in variance of the trait), rather
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than a change in its pattern of integration with the measured traits. This di↵erence in magnitude rather
than pattern of integration is supported by the position of Trait 1 on the evolvability plots, which show a
significantly higher level of this metric in humans than in other African great apes (Fig. 3.2:B,C). Such an
argument can also be applied to the traits that show greater Cp values for non-human African great apes in
the Pan-Homo and Gorilla-Homo comparisons, but were not significantly di↵erent in the Ap comparisons
(Trait 8; Fig. 3.5:B,C).
Obstetric demands are also hypothesized to play a large role in forming modern human pelvic anatomy
and that of later hominins (Leutenegger 1974; Leutenegger 1982; Lovejoy 1988; Lovejoy 2005a; Lovejoy et
al. 1973; Tague and Lovejoy 1986; Meindl et al. 1985; Robinson 1972; Sayers and Lovejoy 2008; Franciscus
2009). By choosing to focus on traits from the human hip that are hypothesized to be functionally related
to bipedalism, we tested whether these traits had a significantly di↵erent pattern of integration than other
traits that are hypothesized to have less functional significance in this behavior within humans and when
compared to homologous traits in other African great apes. The only trait that had significantly higher Cp
(at a ↵=0.0025 level) and Ap results (at a ↵=0.0025 level in Gorilla and at a ↵=0.05 level in Pan) in either
of the other African apes when compared to humans was Trait 10 (inferior pubic symphysis to superior
ischial tuberosity). As this distance measures the width of the lower hip, a finding of more constraint and
higher integration in humans may reflect di↵erences due to constraints related to parturition —decreasing
this distance (which could result if it was less integrated and could vary more independent of other traits)
would have the e↵ect of decreasing the anteroposterior dimension of the pelvic outlet, a measurement that
is vitally important for successful parturition only in later hominins (Abitbol 1991). Thus, constraint in this
trait in humans may reflect a di↵erent selection regime on this species related to neonatal head and body
size. Further analyses will explore the role of obstetrics in the evolution of patterns of pelvic integration.
Third, the overall change in the human pattern of integration when compared to other African great
apes is the result of a reintegration rather than a simple reduction in the magnitude of integration. The
random-skewers results (Table 3.6) and tests for significant di↵erences between the comparisons (Fig. 3.9)
show that, in addition to lower integration overall and reduced constraint, the human pattern has been
reintegrated in a fundamentally di↵erent way than other African great apes. Taken in combination with the
results of points one and two above, this finding suggests that selection for bipedalism caused a disintegration
of the existing pre-hominin African great ape-like pattern of integration along with a divergent reintegration
to allow the large-scale morphological changes required by this dramatic shift in locomotor behavior.
Finally, the pattern and magnitude of the human hip P matrix has evolved in a way that could have
facilitated evolution of bipedalism. We found that it was significantly easier for a Pan hipbone to evolve
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into a human hipbone or vice versa when using a human P than to change from a Pan hip bone to a human
hip bone using a Pan P (Table 3.7). A similar result was found for the Gorilla-Homo pair (Table 3.6).
Comparing these results to those when stabilizing selection did not allow the response to deviate from the
direction of selection (Table 3.8) shows that once again the human covariance matrix allows for a significantly
easier transition from a non-human African great ape morphology to human or vice versa than either of the
other species in the comparison. These results suggests that the hominin pattern of integration may have
evolved in a manner which later facilitated evolution along the vector specifying ancestral African great ape
and hominin di↵erences.
The combination of these four findings suggests that selection for bipedalism may have both broken down
early hominid patterns of integration and realigned the covariance matrix along the direction of selection.
This realignment would then have allowed for a greater evolutionary response to future similar selection
pressures i.e. continued selection for bipedal locomotion. Traits identified as important diagnostic indicators
of bipedalism showed significant di↵erences in their levels of constraint when compared to homologous traits
in other African great apes, which suggests that these patterns have evolved in a way that could have
facilitated the evolution of this behavior. By becoming less integrated, traits like iliac blade height would
have been able to respond to separate selection pressures with relatively less constraint from other traits
allowing for greater mean change. This result is consistent with Robinson (1972), who postulated that the
series of changes seen in hominin postcranial remains were the result of separate selection pressures for
di↵erent functional stages during the evolution of bipedalism.
However, this result is inconsistent with Lovejoy et al. (1999), who claimed that developmental relation-
ships among traits were likely a source of heavy constraint making it nearly impossible for selection to act on
traits individually of others, and that hip traits could have evolved together in response to simple patterns of
selection on factors that underlie the developmental relationships among many traits. Although integration
between traits can lead to correlated responses in traits not under direct selection, the level of integration
in the human hip is reduced when compared to other African great apes. Combined with our finding that
this latter group is not significantly di↵erent in most respects, this suggests that the complex morphological
changes related to bipedalism in the hominin pelvis occurred through a reduction of magnitudes of integra-
tion and realignment from an ancestral African great ape pattern. Even with this proposed reintegration, the
evolutionary trajectory between humans and other great apes is still one which is significantly more di cult
to traverse than selection on the axis of greatest variation alone or along random selection vectors (Fig.
3.7:A,B) —a complex pattern of selection, either at low levels spread out over a long span of time or in a
shorter span but stronger selection, was most likely necessary to account for this di↵erence in morphologies.
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Throughout our analysis we have taken the pattern of integration common to all non-human African
great apes to be more similar to the ancestral condition than humans and argued that any changes seen
between humans and the other African great apes occurred after the most recent common ancestor (MRCA)
of chimps and humans. With the exception of humans, the African great apes show a close similarity in
both magnitudes and patterns of integration in this study and therefore the most parsimonious explanation
is that an ancestral African great ape pattern of hip integration exists from which only humans diverge,
and this pattern was present at the time of the MRCA of humans and chimps. This assumption is further
supported by the results of a preliminary analysis on a limited number of individuals ( n=67; m=31, f=36)
from the species Pongo pygmaeus. As can be seen in Table 3.4, Pongo was found to not di↵er significantly
in mean evolvability, conditional evolvability, autonomy, integration and flexibility from other non-human
great apes, and to have significantly lower mean conditional evolvabilities, to be less autonomous and more
integrated, and to have lower flexibilities than humans. The substitution of P for G requires sample sizes of
at least 40 individuals (Cheverud 1988), and if traits are missing due to damage, as many were in the Pongo
sample, this decreases sample sizes for e↵ected traits and thus would bias the results (Ackermann 2009).
On the other hand, there is a high congruence between the trait-level conditional evolvability (Fig. 3.3:D)
and autonomy plots (Fig. 3.5:D) when Pongo-Homo is compared to Pan-Homo, and Gorilla-Homo, and the
amount of variation that is due to size and size related shape (Table 3.5) and the ways in which the di↵erent
species covariance matrices influence the response to evolutionary forces (Table 3.6) show similar results to
the African great apes with the exception of humans. In addition, the e( ) (Table 3.7) and c( ) (Table 3.8)
statistics show that is equally hard to transition from Pongo to Homo or back using the Pongo P as using
the Pan or Gorilla P and significantly easier using the Homo P. The combination of these results suggests
that Pongo does not significantly di↵er in magnitude or patterns of integration from other non-human great
apes, and an ancestral great ape hip pattern of integration exists from which only humans diverge.
Although the recent description of Ardipithecus ramidus (Lovejoy et al. 2009a; Lovejoy et al. 2009b;
Lovejoy et al. 2009c; Suwa et al. 2009a; Suwa et al. 2009b; White et al. 2009), including work on the
reconstructed pelvis (Lovejoy et al. 2009c), has suggested that it is no longer tenable to use a Pan model as
a proxy for the morphology of the MRCA, we believe that it is too soon to draw any firm conclusions from
the Ardipithecus remains as currently described (also see Wood and Harrison (2010) and Sarmiento (2010)).
All evidence presented here, albeit none of it direct fossil evidence, points to a MRCA that shares the
ancestral great ape pattern of integration and hence comparing humans to other great apes reveals pattern
di↵erences that have taken place after the MRCA of great apes and humans, regardless of this ancestors
morphology. In this analysis, the only tests that assume a non-human African great ape-like morphology for
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the MRCA between humans and other African apes are e( ) and c( ) (Tables 3.7 and 3.8). The question
of whether the morphology of the MRCA of Pan and humans was similar to extant African apes is a highly
debated topic (Pilbeam 1996; Sayers and Lovejoy 2008; Lovejoy et al. 2009a; Lovejoy et al. 2009b; Lovejoy
et al. 2009c White et al. 2009). If, as some claim, the MRCA was not similar to extant apes (Lovejoy et
al. 2009a; Lovejoy et al. 2009b; Lovejoy et al. 2009c; White et al. 2009), this implies that the significant
similarities in locomotor behavior and morphology of Gorilla and Pan have evolved independently, which
requires considerable homoplasy to explain the present distribution of characteristics. A more parsimonious
explanation, an assumption we employ only in the last section of our analysis (Tables 3.7 and 3.8), is that the
morphology of the MRCA of all three species was somewhat extant ape-like (Pilbeam 1996), and therefore,
many morphological changes that exist between humans and other African apes took place on the hominin
lineage.
Recent studies have lent support to the hypothesis that changes in magnitudes and patterns of integration
have played a role in morphological evolution. Rolian (2009) tested whether the level of integration between
hand and foot elements is decreased in primates that have show divergent functions between these elements,
and whether species with highly integrated autopods are less independently evolvable between autopods.
Rolian (2009) showed that in species in which both the hands and feet serve a similar purpose (for example,
quadrupedalism), much of the variation in a trait is actually covariation with the corresponding element in
the other set of autopods. In addition, the evolvability of autopods increases with decreasing integration, as
shown in Homo, Pan, and Gorilla when compared to quadrupedal primates (Rolian 2009).
Likewise, Porto et al. (2009) found that while variance-covariance patterns for the skull remained very
similar in a broad survey of mammals, magnitudes of integration di↵ered substantially. In addition, Homo
was shown to have the lowest overall level of integration within the skull as measured by the coe cient
of determination (r2) (Porto et al. 2009). In a companion paper, Marroig et al. (2009) found that the
species with reduced levels of cranial integration had higher evolvabilities, less influence of constraints, and
were better able to respond to selection in the direction of selection itself. In addition, the researchers
found that species with higher levels of integration aligned their response to random selection vectors in the
direction of the multivariate direction of greatest variance (i.e. the first principal component, which is size
and size related shape) to a significantly greater extent than less integrated species. As the magnitude of
integration rather than the pattern of integration has changed in the skull of mammals (Porto et al. 2009),
the researchers concluded that the magnitude of integration could a↵ect a populations response to natural
selection (Marroig et al. 2009).
Young et al. (2010) found that though there was a common pattern of integration between the fore and
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hindlimbs of New and Old World Monkeys, humans, and other apes, the last two groups show a decreased
level of integration between these modules when compared to the non-hominoids in the sample. Young
et al. (2010) interpreted these findings as having been the result of selection for independent functions of
the limbs, which broke down pre-existing quadrupedal patterns of variance and covariance to allow each
set of limbs to respond to separate selection pressures with greater independence from each other. As this
common pattern of reduced integration was shared between all apes in the analysis (including humans), the
researchers concluded that the reduction in fore and hindlimb integration took place in the common ancestor
of all apes as a result of selection for divergent functions (Young et al. 2010).
In the elements which have been studied so far (Marroig et al. 2009; Porto et al. 2009; Rolian 2009;
Young et al. 2010), great apes including humans show decreased magnitudes of integration when compared
to other primates (Rolian 2009; Young et al. 2010) or wider mammalian groups (Marroig et al. 2009; Porto
et al. 2009). These di↵erences appear to correlate with behavioral di↵erences in great apes (Rolian 2009;
Young et al. 2010), and large-scale morphological changes in humans (Marroig et al. 2009; Porto et al. 2009).
Such findings suggest that great apes as a whole have decreased levels of integration when compared to other
primates, and that this decrease in magnitude was necessary to achieve the morphological and behavioral
di↵erences that distinguish this group. Where our analysis di↵ers from the works mentioned above and other
previous integration studies is that while past analyses of G or P have, by and large, looked at similarity
or di↵erences between patterns of integration for closely related species by statistically comparing the entire
covariance matrix, here we have combined this approach with a type of analysis that focuses on changes in
patterns of integration for individual traits.
While the magnitude of integration in humans does not significantly di↵er from other great apes in
autopods (Rolian 2009) or between the fore and hindlimbs (Young et al. 2010), humans are significantly less
integrated in the skull (Marroig et al. 2009; Porto et al. 2009) and hip (Table 3.4). As these structures are
at the center of two major hominin adaptations, increased brain size and bipedalism, these results suggest
that significant changes in magnitudes of integration may have played a major role in hominin evolution,
allowing access into new areas of morphospace. Along with magnitudes, our findings suggest that patterns
of integration have also evolved along the hominin lineage, in concert with, and likely facilitating, the
morphological changes that serve to distinguish our ancestors from the other great apes.
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Chapter 4
Hominin obstetrics and the evolution
of constraints
1
Habitual bipedal locomotion is one of the primary characteristics that distinguish hominins from all other
primates, including other apes (Dart 1925). Locomotor di↵erences are associated with di↵erences in pelvic
morphology (Sigmon and Farslow 1986), and as expected, many of the significant di↵erences in the pelvis
that are seen when humans are compared to other apes have been reported in some of the earliest members
of our lineage (Dart 1925; Robinson 1972; Lovejoy et al. 1973; Stern and Susman 1983; Susman et al. 1984;
Lovejoy 1988; Kibii et al. 2011). Modern humans also demonstrate a mechanism of birth that is significantly
more complicated and dangerous than in other great apes (Abitbol 1991; Rosenberg and Trevathan 2002),
which is chiefly due the combination of two traits peculiar to our own species among extant hominids: a large
neonatal cranium and body size relative to maternal obstetric dimensions (Schultz 1949; Leutenegger 1974;
Trevathan and Rosenberg 2000; Desilva 2011), and a twisted birth canal which generally results in rotation
of the neonate within the canal during parturition (Tague and Lovejoy 1986; Rosenberg and Trevathan 1995;
Walrath 2003).
Explanations for the di culties experienced during modern human parturition generally focus on the
idea of constraints on hominin obstetric evolution (Washburn 1960; Lovejoy et al. 1973; Leutenegger 1974;
Berge et al. 1984; Rosenberg 1992; Rosenberg and Trevathan 1995; Ru↵ 1995; Leutenegger 1987; Weaver
and Hublin 2009). Though locomotor (Berge et al. 1984), biomechanical (Rosenberg 1992; Ru↵ 1995),
obstetrical (Berge et al. 1984; Leutenegger 1987; Rosenberg 1992; Weaver and Hublin 2009), fetal-skull
(Berge et al. 1984), and pelvic (DeSilva and Lesnik 2006) have all been attached to the word constraints
relating to the obstetrics, the central idea of most hypotheses is that there are limits on the ability of the
birth canal to evolve in response to selection. Often this line of thought is presented as selection pressures
for e cient habitual bipedalism conflicting with pressures for obstetric dimensions to allow for relatively
easy passage of larger-brained neonates (Leutenegger 1974; Rosenberg 1992; Tague 1992; Lovejoy 2005),
though maintenance of bipedal function in the face of obstetric demands (Lovejoy et al. 1973) has also been
1This chapter has been previously published as: Grabowski, MW. Hominin Obstetrics and the Evolution of Constraints.
Evolutionary Biology, published online August 8th, 2012. Permission to reprint has been granted.
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suggested. Additionally, it has been hypothesized that thermoregulatory constraints on body breadth may
have played a role in constraining the evolution of the birth canal in addition to locomotor demands (Ru↵
1991; Ru↵ 1995; Weaver and Hublin 2009). Previous attempts to test hypotheses of constraints on birth
canal evolution related to bipedalism have focused on biomechanical approaches to this problem (Lovejoy et
al. 1973; Ru↵ 1995; Warrener 2011), with some studies suggesting that later hominin obstetric dimensions
could not be increased allowing for easier birth because this would compromise bipedal e ciency (Lovejoy
et al. 1973; Ru↵ 1995). On the other hand, a recent study (Warrener 2011) using an experimental approach
and data from modern human walking and running suggested that sexual di↵erences in pelvic width might
not have a significant e↵ect on bipedal e ciency, results that do not support the hypothesis that increased
obstetric dimensions would have a negative e↵ect on bipedalism.
It is important to note that when studying constraints, biomechanical analyses can reveal constraints
on function, where changing certain traits could have a detrimental e↵ect on the performance of some
task. But functional constraints do not necessarily correspond with evolutionary constraints —restrictions
or limitations on the course or outcome of evolution (Arnold 1992). Evolutionary constraints are the result
of an interplay between selective pressures, which could be inferred from biomechanical analyses, and genetic
constraints (Arnold 1992). Selection contributes to evolutionary constraints both by directing and limiting
changes in the mean values of traits within a population (Arnold 1992), as well as directly leading to the
evolution of genetic constraints (Arnold 1992; Pavlicev et al. 2011). Selective constraints are what the
majority of researchers interested in pelvic evolution mean when they write of constraints —conflicting
selection pressures related to bipedal and obstetric functions. This category of constraints can also include
thermoregulatory constraints (i.e. selective constraints are caused by the ecological relationship between
a population and the environment) (Ru↵ 1991; Ru↵ 1995; Weaver and Hublin 2009). Genetic constraints
—integration or associations among traits —are the result of pleiotropy and linkage disequilibrium that act
during the development of organisms (Lande 1979; Lande and Arnold 1983; Arnold 1992; Steppan et al.
2002). Because of these associations, directional or stabilizing selection on one trait may lead to correlated
responses in other traits, which can bias and constrain evolutionary trajectories. Therefore, trait evolution
can be constrained for reasons separate from those that can be estimated using biomechanical models, and to
study evolutionary constraints it is necessary to understand the role genetic constraints play in morphological
change.
Although most traits show ample genetic variation (Houle 1992; Hansen et al. 2011), rates of phenotypic
evolution are much slower than expected from evolutionary models (Lynch 1990; Hansen and Houle 2004;
Estes and Arnold 2007; Uyeda et al. 2011). As organisms are relatively stable over evolutionary time, this
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suggests that most traits might be under stabilizing selection that keeps them near their fitness optimum.
Stabilizing selection on a trait could also influence levels of variation in all traits integrated with this trait,
which would behave as if they were also under stabilizing selection. Thus, integration between traits may
play a major role in limiting morphological change and producing the stasis seen across large swaths of
evolutionary time (Hansen et al. 2003; Hansen and Houle 2004).
Genetic constraints are described by patterns of integration —covariances between traits —which result
from developmental and functional relationships (Arnold 1992), with developmental integration occurring
when traits interact during their development and functional integration occurring when traits must interact
to perform a task (Cheverud et al. 1996). Functional and developmental integration on an individual
level, i.e. sets of traits acting in a coordinated fashion, can lead to genetic integration at the population
level, where integrated morphological traits are inherited together. Genetic integration can then lead to
evolutionary integration, where sets of integrated traits evolve together in response to selective pressures (for
example, integrated traits change together to maintain functional equivalence) (Cheverud 1982; Cheverud
1984; Cheverud et al. 1996; Rolian and Willmore 2009).
As an example of this concept, functional and developmental integration between mandible and maxilla
length is expected in many mammals as these two traits must interact to perform many functions successfully.
Genetic and evolutionary integration between these traits would be selected for as without this integration,
growth during development may lead to individuals with mismatched dentitions, which likely would have a
lower fitness than populations that possess this integration. In this case, independent evolutionary changes in
maxilla or mandible length due to selection would be constrained by integration between these two structures.
Thus, functional constraints can contribute to evolutionary constraints through patterns of integration, but
because traits involved with one function may be constrained due to genetic associations with other traits,
patterns of integration may reveal relationships between traits that are more complex than those predicted by
biomechanical models. In addition to patterns, magnitudes of integration, or the average level of associations
between traits, can also influence evolutionary responses to selection. In a number of recent studies, species
with lower magnitudes of integration have been found to respond in the direction of simulated selection to
a significantly greater degree than more integrated species, while the latter responded along the direction
of size-related variation to a significantly greater extent (Marroig et al. 2009; Porto et al. 2009; Shirai and
Marroig 2010).
Recent studies have suggested that natural selection can also lead to the evolution of patterns and
magnitudes of integration (Ro↵ and Mousseau 1999; Beldade et al. 2002; Arthur 2004; Jamniczky and
Hallgrmsson 2009), and these changes can facilitate the ability of a population to respond to similar selection
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pressures in the future (Pavlicev et al. 2011). This idea was recently supported in an analysis by Grabowski
et al. (2011), which explored the relationship between large-scale functional di↵erences and the evolution of
integration patterns in great apes. Comparing integration in the hip of great apes, Grabowski et al. (2011)
found that patterns of integration had changed between humans and other great apes, with the human
pattern allowing for a significantly greater response in the direction of selection given constraints due to
patterns of integration. Patterns of integration in humans had been broken down and reintegrated in a
way that suggested that the di↵erences between humans and other great apes were due to natural selection
for bipedalism in hominins. In addition to being the result of selection, Grabowski et al. (2011) presented
results that suggested these changes could have allowed for a greater response to future similar selection
pressures, and facilitated the morphological changes in the hominin hip related to bipedalism (Grabowski et
al. 2011). Along similar lines, one can hypothesize that if hominins were under a di↵erent selection regime
due to functional requirements on obstetric traits that di↵ers from other apes (such as for increased neonatal
head size), this may have led to the evolution of genetic constraints on the birth canal due to integration
with other pelvic traits. This reduction in integration (and thus a reduction in genetic constraints) would
then allow for greater morphological change in response to selection in both the birth canal and other pelvic
traits, including those serving major functional roles in bipedalism.
In addition to genetic constraints due to integration with other pelvic traits, changes in patterns and
magnitude of integration within the obstetric canal (among traits in that morphological structure) could also
significantly a↵ect the magnitude and direction of the evolutionary response to selection (Lande 1979; Lande
and Arnold 1983; Cheverud 1984; Arnold et al. 2001; Marroig et al. 2009), and may evolve independently
of integration between the birth canal and other pelvic traits. In other words, even if integration between
the birth canal and other pelvic traits does not change (and thus the level of genetic constraint on obstetric
traits from other pelvic traits remains constant), integration changes within the birth canal (among traits
in that structure) could have a significant e↵ect on the ability of that morphological unit to respond to
selection.
Because they provide quantitative data on how integration may bias evolutionary trajectories (Lande
1979; Lande and Arnold 1983), and because they are the result of selection (Pavlicev et al. 2011), inter-
specific comparisons of genetic constraints reflected in patterns of integration can open a window on past
selective pressures in hominin (Grabowski et al. 2011) and hominoid (Young et al. 2010) evolution. The
present analysis tests for the role that genetic constraints have played in the evolution of hominin obstetric
morphology by posing the following questions.
i) Does integration between obstetric and other pelvic traits or within the birth canal have the potential
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to constrain the evolution of the birth canal in humans and other apes?
ii) Is there evidence that integration between obstetric and other pelvic traits or within the birth canal has
evolved in humans when compared to other apes, and does this change significantly influence the magnitude
or direction of the response to selectiong
4.1 Materials
The genetic underpinnings of patterns of integration are expressed in the additive genetic variance/covariance
matrix (G), a symmetric matrix that summarizes the genetic contribution to the variances and covariances
between phenotypic traits. The phenotypic variance/covariance matrix (P) reveals the observed morpholog-
ical relationship between traits and is the sum of both G and E, the matrix of environmental covariances.
Estimating G requires large-scale breeding designs or large pedigreed populations (and for this study, asso-
ciated pelvic measurements for each individual), procedures that would be nearly impossible to undertake
for practical and/or ethical reasons for the hominoid species included in this analysis. This analysis sub-
stitutes P for G, which is common practice in integration studies (Porto et al. 2009; Marroig et al. 2009;
Rolian et al. 2010; Grabowski et al. 2011) as the two have often been found to be nearly proportional for
morphological structures (Cheverud 1988; Cheverud 1995; Ro↵ 1995; Ro↵ 1996; Marroig et al. 2009; Porto
et al. 2009; but see Willis et al. 1991; Kruuk et al. 2008 for contrasting views), including the pelvis (Kohn
and Atchley 1988).
To estimate P in humans and other extant apes, 3-D landmark data from the hip and articulated pelvis of
all specimens (Figs. 4.1 and 4.2; Tables 4.1 and 4.2) were collected using a Microscribe digitizer (Immersion,
San Jose) for homologous bony landmarks. The pelves of adult Homo sapiens ( n=140; m=79, f=61), Pan
troglodytes ( n=140; m=71, f=69), Gorilla gorilla ( n=118; m=76, f=42), Pongo pygmaeus ( n=60; m=27,
f=33), and Hylobates lar ( n=97; m=52, f=45) were used from collections housed at the National Museum
of Natural History (Washington, D.C.), the American Museum of Natural History (New York, N.Y.), the
Museum of Comparative Zoology (Cambridge, M.A.), the Cleveland Museum of Natural History (Cleveland,
O.H.), the Anthropological Institute and Museum at the University of Zurich (Zurich, Switzerland), the
Museum fur Naturkunde (Berlin, Germany), the Royal Museum for Central Africa (Tervuren, Belgium),
and the Royal Belgian Institute for Natural Sciences (Brussels, Belgium). For the obstetric landmarks (Fig.
3.1), the pelvis was articulated using thin strips of masking tape and rubber bands with the pubes meeting
at the midline. Following Tague and Lovejoy (1986; see also Weaver 2002), no compensation for soft tissue
at the pubic symphysis was included in this analysis. The right hip was used when possible for the hip
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landmarks (Fig. 4.2). Though gibbons have similar obstetric morphology as other apes, with cranial-caudal
elongated pelvic planes, they have neonates with large cranial dimensions relative to maternal obstetric
dimensions in a similar fashion as humans (Schultz 1949; Leutenegger 1974). This similarity with modern
humans may make the comparison between the two species particularly informative.
From these 3-D coordinates, inter-landmark distances on the hip were calculated following Grabowski et
al. (2011) that combine previous functional hypotheses on bipedal behavior based on published literature and
an attempt to quantify overall form (Fig. 4.2; Table 4.2). For the articulated pelvis, distances were calculated
based on previous analyses that focused on obstetric di↵erences between humans, fossil hominins, and apes
(Fig. 4.1; Table 4.1). These distances were concentrated on the anteroposterior and mediolateral inlet,
midplane, and outlet dimensions of the obstetric canal alone, with non-overlapping landmarks emphasized.
For example, sacral breadth taken along the arcuate line (Tague 1995; Tague and Lovejoy 1998) was not
calculated in this analysis as this distance overlaps and is highly correlated with mediolateral inlet diameter,
which would most likely bias findings related to both distances. It should be noted that anteroposterior outlet
diameter has been modified in this analysis to enable its ascertainment in all apes. Though this distance plays
a crucial role in obstetrics in humans, in other apes the sacrum is positioned cranially relative to the pubic
symphysis, and thus there is no bony posterior wall to the obstetric canals outlet. As the anteroposterior
outlet will have little if any consequence for obstetrics in these species (Abitbol 1991), analyses generally do
not include this measurement for non-human primates (Tague 1995; Tague and Lovejoy 1998). Instead, Tague
(1995) and Tague and Lovejoy (1998) include a measurement of the anteroposterior midplane for all primate
species in their analyses, though the landmarks di↵er between groups. Patterns of integration are always
constructed from homologous landmarks between species whenever possible (Cheverud 1996; Ackermann and
Cheverud 2004; Porto et al. 2009; Marroig et al. 2009) as utilizing non-homologous landmarks may have
unforeseen a↵ects on phenotypic covariance matrices, which are assumed to be representations of underlying
genetic architecture. As this study tests if the human pattern of integration has changed when compared
to other apes, the anteroposterior outlet dimension is relevant in this analysis and will be included in all
apes. This distance in humans and other great apes is based on the same landmarks (Fig. 3.1; Table 4.1).
Because of the lack of a fifth vertebra in the Hylobates sacrum in a majority of specimens (it was present
in only 29.9% of the individuals sampled here), the end of the fourth sacral vertebra was used. It is not
possible to leave this distance out of this species as integration can only be compared interspecifically given
the same number of distances or traits.
Digital calipers (Mitutoyo Series 500- 19X- 20, Plymouth, MI) and an GPM anthropometer (Siber Hegner
and Co., Zurich, Switzerland) were also used to take a small subset of the distances deemed relevant to this
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study that were di cult or impossible to take using 3-D landmarks (Fig. 4.2; Table 4.2). Measurement error
is of particular concern in integration studies as it can increase variation and hence lower levels of integration
(Marroig et al. 2009). To quantify measurement error, repeated 3-D landmarks and caliper measurements
were taken on a subset of individuals used in this analysis and the among group variance component was
calculated (where groups are each set of repeated measurements (Sokal and Rohlf 1995)). All measurements
on the hip were least 93% repeatable, with the majority above 95%. Obstetric measurements were at least
91% repeatable with the majority above 97%. Sample sizes are also of immediate concern in integration
analyses as improperly low numbers can cloud patterns of integration through errors in matrix estimation.
The substitution of P for G requires sample sizes of at least 40 individuals (Cheverud 1988), and if traits are
missing due to damage, this decreases sample sizes for a↵ected traits and likely biases the results (Ackermann
2009). In addition, the statistics related to evolvability used in this and a number of recent analyses (Hansen
and Houle 2008; Marroig et al. 2009; Grabowski et al. 2011; Villmoare et al. 2011; Lewton 2011) are biased
by small sample sizes, and it appears that sample sizes of 80-100 individuals are needed to reduce these e↵ects
(Grabowski, unpublished manuscript). The Pongo sample used here is small for these types of analyses (
n=60), and some of the traits in the sample are missing. Though Pongo will be included here, the results
for this group should be taken with caution.
4.2 Methods
Estimates of the underlying genetic architecture for each species can only be obtained after removing sources
of variation and covariation unrelated to the genotype-phenotype map. For this reason, variation between the
sexes was controlled for before calculating each species P by using the residual covariance from a MANOVA
with the 25 traits (obstetric and hip combined) as dependent variables and sex as the independent variable,
thus pooling the covariances across the sexes. This approach is a common procedure in integration studies
for removing this source of variation (Ackermann and Cheverud 2000; Marroig et al. 2009; Porto et al.
2009). Because the wide geographic range of humans when compared to other apes has been found to a↵ect
hominin body shape and postcranial morphology (Ru↵ 1991; Ru↵ 1995; Pearson 2000; Weaver 2003), it is
necessary to remove variation caused by this source as well (Rolian 2009; Grabowski et al. 2011). This was
accomplished in the same manner as removing the e↵ects of sex.
Obstetric dimensions are only consequential to females of any mammalian species, but males and females
share autosomal genes for morphological structures, and sexually dimorphic traits could be the result of
interactions between the internal environment (determined by the sex) and these shared genes, or di↵erences
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in variance of traits (Lande 1980a; Leutenegger 1982; Towne et al. 1992; Poissant et al. 2009; Willmore et
al. 2009). This analysis was repeated using just the females of each species and the results were consistent
with the findings reported here. Though sexual dimorphic di↵erences in pelvic morphology are well known
(Schultz 1949), this finding was consistent with previous analyses that found no consistent di↵erence in
pelvic variation between the sexes (Tague 1989; Tague 1995). In addition, preliminary data from the hip of
a pedigreed population of Mus musculus suggest that the genetic correlations between the sexes are close to
one for linear measurements that overlap with those of this study (Grabowski et al., in prep). Like humans
and other primates, mice pelves are sexual dimorphic in size and shape, and di↵erences between the sexes
have been hypothesized to reflect di↵erences related to obstetric selective pressures. This high correlation
between the sexes in mice is similar to that found for other mammals (Eisen and Legates 1966; Rogers and
Mukherjee 1992) including primates (Wilmore et al. 2009), and if the results are similar to that of humans,
suggest that gene-by-sex e↵ects are likely not having a significant e↵ect on the statistics used in this analysis.
This study builds on the analyses and findings of Grabowski et al. (2011) to analyze the role that
integration may have played in the evolution of hominin obstetric morphology. In that study, the hip as a
whole was the functional structure, with the level of integration of a trait evaluated based on its covariance
with all other hip traits (Grabowski et al. 2011). Here, instead of looking at integration across all pelvic
traits at once, obstetric and hip traits were partitioned into their own groups (Figs. 4.1 and 4.2; Tables
4.1 and 4.2), which allows for analyses that test for interspecifc di↵erences in levels and e↵ects of genetic
constraints on the obstetric canal from other pelvic traits as well as well as within the birth canal. While
the latter type of constraints was analyzed using the P constructed from obstetric traits alone, the former
was analyzed by placing other pelvic traits (non-obstetric traits) under simulated stabilizing selection and
then quantifying the reduction in the evolutionary potential of the birth canal due to integration between
the two groups (obstetric and hip traits).
First, P matrices were constructed using the residuals from the above mentioned MANOVA for the
obstetric and hip structures individually, and then P matrices were created for the obstetric structure that
accounted for constraints due to covariance with other pelvic traits. This last step was accomplished by
using the equation for conditional evolvability from Hansen et al. (2003) (see also Hansen and Houle 2008;
Table 4.3; c(y|x)), but instead of Py being individual traits as in Grabowski et al. (2011), here Py is the
P matrix of obstetric traits (y) and PyxP 1x Pxy is the reduction in variances and covariances in the birth
canal due to covariance with other pelvic traits (Px is a P matrix made up of traits from the hip; Table
4.3). Using this equation, traits in the latter structure are not allowed to change. Therefore, the resulting P
matrix reflects the remaining variance and covariance of the birth canal when stabilizing selection is placed
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on other pelvic traits (Hansen 2003b; Hansen et al. 2003; Hansen and Houle 2008). Analyses can then be
conducted on this new conditioned obstetric P in the same fashion as the unconditioned P (see below). In
all figures and tables in this analysis, Obs denotes a P matrix constructed from just the obstetric traits,
while Obs|Hip denotes P matrices when other pelvic traits (those in the hip) are held constant.
Even if stabilizing selection on hip traits was not occurring during much of human evolution, which
seems highly unlikely due to the similarity in forms for broad swaths of geologic time (e.g. plesiomorphic
characters australopithecine hips share with later Homo up through Neandertals (Simpson et al. 2008)),
simulating stabilizing selection on one functional structure is a logical way of quantifying the e↵ects of genetic
constraints in biasing the evolutionary trajectory of the other. Any integration between traits a↵ects a traits
response to selection (Lande 1980b; Via and Lande 1985; Arnold 1992), regardless if any type of selection
is occurring on integrated traits. In addition, simulating stabilizing selection on other pelvic traits not only
tests for the role that integration likely played in biasing obstetric evolution, but also allows for interspecific
comparisons of genetic constraints on obstetric evolution between apes by keeping the level of selection on
other pelvic structures constant among species (always under similar levels of stabilizing selection).
4.3 Analyses
i) Does integration between obstetric and other pelvic traits or within the birth canal have the potential to
constrain the evolution of the birth canal in humans and other apes?
To calculate the reduction in the evolutionary potential of the birth canal due to integration with other
pelvic traits, average levels of evolvability in P matrices comprised of obstetric traits with and without
accounting for constraint due to integration with other pelvic traits were calculated. Mean evolvability (e¯:
Table 4.3) measures the average ability of a population to respond to selection pressures in the direction of
selection across all possible directions of morphological space (Hansen and Houle 2008). Note that evolvabil-
ities by themselves ignore potential constraints due to patterns of integration within a structure; between
structure constraints are included here by incorporating the conditional evolvability equation found in Table
4.3 (c(yjx)) and discussed in the methods section. Because of this, the results of this test include constraints
on the birth canal from other pelvic traits for the Obs|Hip case, but not constraints within the obstetric
structure (Obs) due to its own pattern of integration (Obs e¯ and Obs|Hip e¯; Fig. 4.3). In this and each of
the proceeding tests of the analyses section, the selection vectors were created by drawing from a random
normal distribution with a mean of 0 and a standard deviation of 1, normalized to unit length, and then
applied to each species P matrix utilizing the equations in Table 4.3 to calculate the required statistic. The
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average values (mean evolvability, mean autonomy, etc.) were calculated by repeating this procedure 1,000
times and taking the mean value of all of the repetitions (Hansen and Houle 2008).
As mentioned above, mean evolvability (e¯; Table 4.3) does not include constraints due patterns of inte-
gration within the birth canal and therefore may not reflect the total amount of genetic variance available
for selection. To test for the magnitude of the evolutionary response when constraints due to integration
patterns within the birth canal are included (but not constraints due to other pelvic traits), mean condi-
tional evolvability (c¯: Table 4.3) was calculated (Hansen and Houle 2008). Here no response is allowed in
any direction of phenotypic space other than the direction of selection and therefore the metric is a proxy
for the constraint due to covariance in an organism under stabilizing selection (Hansen 2003b; Hansen and
Houle 2008). A higher value of c¯ means that there is less constraint and hence more autonomous variance on
which selection could act. To analyze the e↵ect of including constraints due to patterns of integration within
the birth canal on evolutionary potential, c¯ (Obs c¯; Fig. 4.4) is compared to the evolutionary potential given
no constraints (mean evolvability; Obs e¯; Fig. 4.4).
ii) Is there evidence that integration between obstetric and other pelvic traits or within the birth canal has
evolved in humans when compared to other apes, and does this change significantly influence the magnitude
or direction of the response to selection?
To test if the magnitude of integration between obstetric and other pelvic traits in humans is significantly
di↵erent than other apes, the ratio of mean evolvability of the birth canal given constraints from other pelvic
traits compared to the total obstetric mean evolvability is compared between species (Obs|Hip e¯: Obs e¯;
Fig. 4.5). A decrease in constraints will lead to an increase in the proportion of evolvability that remains
given constraints. To test if the magnitude of integration within the birth canal is di↵erent between humans
and other apes, mean autonomy (a¯; Table 4.3), which expresses the proportion of evolvability that remains
after reduction due to covariance with other traits under stabilizing selection, was calculated (Fig. 4.5;
Hansen and Houle 2008). Mean autonomy and mean integration (¯i) are directly related —a¯ will be 1 if
all traits are independent and have the same variance. In this case, i¯ will be 0 but would increase with
increasing covariance. To relate conditional evolvability to autonomy (see below), autonomy is equal to the
ratio between conditional evolvability and evolvability, and therefore reveals the proportion of evolvability
available for selection to act on given constraints. On the other hand, mean autonomy does not equal the
ratio of mean conditional evolvability to mean evolvability (Hansen and Houle 2008).
To test for di↵erences among obstetric patterns of integration, the random skewers method (Cheverud
et al. 1996) was used, which determines the correlation between the response vectors of two P matrices to
the same random selection vector. After repeating this procedure 1,000 times using random vectors sampled
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from a random normal distribution, the mean level of response vector correlation is a level of multivariate
similarity between the two matrices as more similar matrices will produce higher levels of correlation (Table
4.4). This procedure focuses on patterns rather than magnitudes of integration. For example, if the pattern
of integration of the two matrices is the same but the two di↵er by some scalar, the correlation between
the response vectors will be 1, whereas two matrices that are di↵erent will produce a lower random skewer
result reflective of their di↵erences. The significance of this test was determined by comparing the average
correlation between the response vectors to a distribution of correlations between di↵erent response vectors
sampled from a normal distribution. The null hypothesis for this test is that the two matrices are not similar.
The finding of such a di↵erence in humans could suggest a reintegration in the obstetric canal response to
divergent selection pressures similar to that seen in the hip in Grabowski et al. (2011).
While the proceeding analyses in this section could reveal whether the level of integration and thus
genetic constraint between the birth canal and other pelvic traits and within the birth canal has evolved in
humans when compared to other apes, they do not directly test for the role of genetic constraints in biasing
evolutionary trajectories. Similarly, while the results of the first question test whether the di↵erent types
of integration impact the evolutionary potential of the birth canal independently, both types of constraints
likely impact the magnitude of the evolutionary response to selection in unison. To test if humans di↵er
in the magnitude of evolutionary response given constraints from both sources, the mean evolvability given
constraints from other pelvic traits and constraints within the birth canal was calculated (Obs|Hip c¯; Fig.
4.6).
Finally, to test if integration is biasing the direction of the evolutionary response of the birth canal to
selection, the mean flexibility statistic (f¯ ; Table 4.3) was calculated (Marroig et al. 2009). While evolvability
captures the ability of a species to evolve in the direction of selection (i.e. the magnitude of the response to
selection in the direction of selection), evolutionary flexibility is the correlation between the selection and
response vectors, and thus captures the ability of a species to track with the direction of selection (Marroig
et al. 2009). A higher value of f¯ in a population suggests that the direction of evolutionary response is
less constrained by inter-trait correlations and has the potential to enter areas of morphospace that were
previously unexplored. Besides looking at the e↵ects of integration within the birth canal on flexibilities
(Obs f¯ ; Fig. 4.7), this statistic is calculated when constraints due to both constraints within the birth canal
and due to other pelvic traits are included (Obs|Hip f¯ ; Fig. 4.7) as well.
As mentioned above, the conditioned P matrices (Obs|Hip) can be analyzed in the same fashion as
the unconditioned P (Obs); in both cases P matrices are inputted into the equations (Table 4.3) for this
analysis. Because of this, the same terminology (evolvability, integration, autonomy, conditional evolvability,
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flexibility) for the conditioned Ps will be used here as would be used for unconditioned P matrices, but again,
the Obs|Hip denotes obstetric P matrices with reductions in variances and covariances due to hip structure
being held constant. All P matrices and selection vectors used here were mean standardized to control for
scaling e↵ects on variance (Hansen and Houle 2008). In this standardization, evolvabilities and conditional
evolvabilities reveal the predicted percent change in the mean standardized trait mean per generation when
the strength of selection on fitness = 1. All tests for significance were conducted using a parametric bootstrap
technique (Efron and Tibshirani 1993) and a significance value of ↵ = 0.05. All analyses were performed
using programs written in the R statistical programming language (R Development Core Team 2011) by
the author. In addition, the analyses were conducted on the hip data (Hip) from Grabowski et al. (2011)
when possible to allow for ease of comparison with previously published results, and to include gibbons in
what was originally a great ape only comparison. Note that the results shown here are slightly (but not
significantly) di↵erent from those of that study due to marginally altered sample sizes and composition as
both hips and the sacrum are used in this analysis.
4.4 Results
4.4.1 Constraints on obstetric evolution
Including constraints due to integration with other pelvic traits has a significant negative impact on the
evolutionary potential of the birth canal in all apes, leading to a 42% reduction evolvability in humans, 60%
in other great apes, and 54% in gibbons (Obs e¯ vs. Obs|Hip e¯; Fig. 4.3; Table 4.5). Including constraints
due to integration within the birth canal when covariance with other pelvic traits is not accounted for also
has a significant negative impact, leading to a 26% reduction in humans, and 49% on average in other apes
(Obs c¯ vs. Obs e¯; Fig. 4.4; Table 4.5 and Table 4.6).
4.4.2 Evolution of obstetric constraints
Comparing evolvabilities without constraints between species, the birth canal (Obs e¯; Fig. 4.3; Table 4.5)
is about 30% less evolvable in Homo and Hylobates than all other great apes, while the former two are not
significantly di↵erent from each other. The other apes also overlap, and the pattern of these results mirrors
those for the hip (Hip; Fig. 4.8). When the obstetric canal is constrained by other pelvic traits (Obs|Hip e¯;
Fig. 4.3), the e¯ for Homo, Pan, Pongo , and Hylobates is not significantly di↵erent, though Gorilla has a
larger value than any other ape species. On the other hand, the proportion of the obstetric e¯ that remains
when constraints from other pelvic traits are included compared to obstetric e¯ (Obs|Hip e¯: Obs e¯; Fig.
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4.5; Table 4.7) shows that Homo has a larger portion of evolvability remaining than all other apes (almost
60%), with all other apes falling in an overlapping 40-53% range. This finding points to a reduction in the
level of genetic constraints on the birth canal in humans when compared to other apes. The lower levels of
birth canal evolvablity in humans without constraints when compared to other apes (Obs e¯; Fig. 4.3; Table
4.5) could be due to stabilizing selection —too much variation in obstetric traits could lead to even greater
parturition di culties than human females currently experience. The similar result for gibbons, which are
obstetrically challenged in a similar fashion as modern humans, supports this hypothesis.
Interspecific comparisons of mean autonomy (Obs a¯; Fig. 4.5; Table 4.7) of the obstetric canal (Obs)
show that Homo has a larger portion of its evolvability available for selection than other apes when patterns
of within birth canal integration are included (75% in Homo vs. around 55% in other apes) —i.e. the Homo
birth canal is more autonomous/less integrated than all other apes, which are not significantly di↵erent from
each other. This result is similar to that seen in the hip (Hip) when humans are compared to other apes (Fig.
4.10; Chapter 2). The random skewers results for the obstetric canal (Obs; Table 4.4) show that though
there is a slightly lower correlation between the response vectors of the Homo P when compared to other
apes than when the other species are compared to each other, all matrices are not significantly di↵erent
besides Pongo (Homo vs. Pongo p-value = 0.06690) —i.e. the patterns of integration of all other apes
are similar to each other. The Pongo sample size ( n=60) is small for this type of analysis, and therefore
all Pongo results should be taken with caution, though they generally correspond with those of the other
non-human great apes. The overall random skewers obstetric result is not similar to the hip result (Hip;
Table 4.4), which shows a significantly lower level of correlation between the response vectors when Homo
is compared to any other ape.
The proportion of variation that is available for selection to act on when constraints from both patterns
of integration within the birth canal as well as from other pelvic traits are included (Obs|Hip c¯: Obs e¯;
Fig. 4.5; Table 4.7) shows that Homo has proportionally almost two times the amount of variation available
for selection as other apes, while the other apes are not significantly di↵erent except for a lower amount in
Pongo .
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4.4.3 E↵ect of obstetric constraints on the magnitude or direction of the
response to selection
When including covariance with other pelvic traits as well as constraints due to obstetric patterns of inte-
gration (Obs|Hip c¯; Fig. 4.6; Table 4.6), Homo is more evolvable than all other great apes (0.315%), while
Pan and Gorilla are not di↵erent from each other (0.257%), as well as Pongo and Hylobates (0.186%). Since
significant di↵erences in this statistic between Homo and the other great apes only become pronounced when
constraints with other pelvic traits are included (Obs c¯ vs. Obs|Hip c¯; Fig. 4.6), it is likely that this result
is due to changes in genetic constraint from other pelvic traits rather than di↵erences in constraints within
the birth canal. It is not possible to compare this statistic directly with the included data for the hip traits
alone (Hip; Fig. 4.9) because the results are a↵ected by the number of traits included in the analysis (five
for the obstetric data and 20 for the hip), but it should be pointed out that though the data for the birth
canal alone reveals it to be equally evolvable as other great apes (Obs c¯; Fig. 4.6), when constraints due to
other pelvic traits and obstetric traits are included (Obs|Hip c¯; Fig. 4.6), the results mirror those for the
hip from Grabowski et al. (2011) —Homo is now more evolvable than other apes .
Finally, the mean flexibility results (Obs f¯ ; Fig. 4.7; Table 4.8) for the birth canal when covariance
with other pelvic traits is not accounted for show that Homo is significantly more able to track with the
direction of selection given constraints due to obstetric patterns of integration than other apes, which are
not significantly di↵erent from one another. This result is similar to the mean flexibility pattern seen in
the hip (Hip; Fig. 4.11). Accounting for covariance due other pelvic traits (Obs|Hip f¯ ; Fig. 4.7) does not
change this relationship between Homo and the other apes or significantly a↵ect the result, which suggests
a reduction in genetic constraints within the birth canal in humans (Obs a¯; Fig. 4.5) is leading to this
result rather the reduction in the level of constraint from other pelvic traits (Obs|Hip e¯: Obs e¯; Fig. 4.5).
Combined with the previous results of a significant increase in evolvability given all constraints, this result
suggests that genetic constraints on birth canal evolution in Homo have evolved in a way that allowed for
greater evolutionary change.
4.5 Discussion
While constraints on birth canal evolution in hominins are often hypothesized as being the result of selec-
tion pressures for e cient habitual bipedalism (Leutenegger 1974; Rosenberg 1992; Tague 1992; Lovejoy
2005), and/or an optimal body breadth related to thermoregulation (Ru↵ 1991; Ru↵ 1995; Weaver and
Hublin 2009), evolutionary constraints are the result of the combination of selective constraints and genetic
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constraints, the latter revealed in patterns of integration. In other words, genetic constraints may be con-
straining obstetric evolution in addition to selective pressures. This study provides evidence that genetic
constraints could reduce the evolutionary potential of the birth canal in humans, other apes, and most likely
earlier hominins, but suggest that there was a reduction in ancestral hominoid constraints along our lineage.
This reduction in constraints would likely have significantly decreased the amount of time needed for this
morphological change, and may have permitted the hominin birth canal to evolve to a greater extent than
previously possible.
The first question this analysis asked was: Does integration between obstetric and other pelvic traits or
within the birth canal have the potential to constrain the evolution of the birth canal in humans and other
apes? First, integration between obstetric and other pelvic traits can substantially reduce the evolutionary
potential of the birth canal in all apes (Obs|Hip e¯ vs. Obs e¯; Fig. 4.3). Next, integration within the birth
canal, between traits in that structure, can also reduce the evolutionary potential of the birth canal in all
apes (Obs c¯ vs. Obs e¯; Fig. 4.4) in addition to integration between obstetric and other pelvic traits. As both
types of constraints significantly impact the evolutionary potential of the birth canal in all apes including
humans, this results suggest that they would have played a similar role throughout hominin evolution, and
likely contributed to the di culties associated with modern human parturition.
The second question was: Is there evidence that integration between obstetric and other pelvic traits or
within the birth canal has evolved in humans when compared to other apes, and does this change significantly
influence the magnitude or direction of the response to selection? A finding of a significant reduction in
genetic constraints on the birth canal due to other pelvic traits or within the birth canal would suggest
integration in hominins evolved in response to selective pressures that diverged from other apes. This
reduction in genetic constraints could allow for greater morphological change in response to selection in both
the birth canal and other pelvic traits, including those serving major functional roles in bipedalism.
First, while the amount of variation in the obstetric canal available for selection to act on is lower in
humans than in all other great apes when constraints are not included (Obs e¯; Fig. 4.3), the amount of
variation is equal to other apes given these constraints due to integration with other pelvic traits (Obs|Hip
e¯; Fig. 4.3). Therefore, the proportion of variation in the birth canal that remains after constraints due
to other pelvic traits are included compared to the total amount of variation reveals that the magnitude of
constraint on the birth canal from other pelvic traits is significantly lower in humans than in other apes,
which all overlap in this statistic. This reduction in constraints leaves proportionally more of the variation
available for selection to act on in humans than in other apes (Obs|Hip e¯: Obs e¯; Fig. 4.5).
Next, genetic constraints within the human birth canal are significantly lower in humans than other apes,
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reflected in this structure being more autonomous / less integrated, while the other apes are not significantly
di↵erent in this metric (Obs a¯; Fig. 4.5). On the other hand, the pattern of integration within the birth canal
is not significantly di↵erent in any of the species included in this analysis (Table 4.4; except for marginally
significant results from the Homo vs. Pongo comparison discussed in the results section). This constancy
of patterns in the birth canal across hominoids may be the result of internal stabilizing selection (Wagner
and Schwenk 2000; Porto et al. 2009) within the birth canal and/or constraints due to integration with
locomotor and other pelvic traits shared by all apes. A reduction in magnitude of integration along with
conservation of pattern is similar to that seen in the mammalian skull (Porto et al. 2009; Marroig et al.
2009), though both patterns and magnitudes of integration were significantly di↵erent in the human hip
when compared to other great apes (Grabowski et al. 2011). Though the pattern of integration within
the birth canal in humans is not significantly di↵erent from other apes, the combination of the reduction in
magnitude of integration within the birth canal and between the birth canal and other pelvic traits combines
to make the human pelvis have proportionally twice the amount of variation available for selection to act on
as other apes when compared to total unconstrained evolvability (Obs|Hip c¯: Obs e¯ Fig. 4.5).
The end result of this reduction in overall constraints on birth canal evolution is that a human-like pattern
of integration would allow for both a significantly greater response in the direction of selection (Obs|Hip
c¯; Fig. 4.6) and a greater alignment (Obs|Hip f¯ ; Fig. 4.7) between that direction and the response to
selection. The combination of these results suggests that though genetic constraints on the birth canal may
have played a significant role in reducing the evolutionary potential of this structure in hominins and other
apes, divergent selection along the hominin lineage led to a reduction of ancestral hominoid constraints.
This reduction in integration between the birth canal and other pelvic traits and within the birth canal
itself could have then allowed for greater obstetric evolution in the direction of selection. While gibbons
share the characteristic of relatively larger neonates compared to obstetric dimensions with humans, the
findings here do not appear to show that genetic constraints have evolved in a similar fashion as in our
species —the birth canal of gibbons is no more autonomous than the other non-human apes and the level of
constraint from other pelvic traits overlaps with gorillas. One possible explanation of this result might be
that e cient habitual bipedalism in humans and later hominins imposes functional requirements on pelvic
traits that di↵er from the locomotive repertoire of gibbons. As integration patterns are hypothesized to
reflect functional relationships, di↵erences in the level of birth canal genetic constraints between humans
and gibbons would be expected.
It should be noted that when constraints due to integration within the birth canal are included alone
(without other pelvic traits), the birth canal is no more able to respond in the direction of selection than
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other apes —it only becomes significantly more evolvable when constraints from other pelvic traits are
included (Obs c¯ vs. Obs|Hip c¯; Fig. 4.6). On the other hand, constraints from other pelvic traits are having
no apparent e↵ect on the significantly higher alignment of the human birth canal when compared to other
apes (Obs f¯ vs. Obs|Hip f¯ Fig. 4.7). Taken together these results point to a di↵erence between the two
types of genetic constraints on birth canal evolution —the reduction in constraints from other pelvic traits
in humans is causing the significant increase in the magnitude of the response in the direction of selection.
The reduction of constraints due to traits within the human birth canal is causing the significant increase
in the ability of the response to align with the direction of selection. This di↵erence in types of constraint
(internal to a structure vs. from an external source) warrants further exploration.
As the present study does not quantify selective pressures that resulted in hominin and hominoid pelvic
evolution, results pertaining to the role and timing of selection related to obstetrics must wait until the other
half of the evolutionary constraints puzzle is complete. But as selection leads to the evolution of genetic
constraints, which this paper has investigated, some preliminary hypotheses can be suggested. The significant
di↵erence in magnitudes of constraint within the birth canal and between that structure and other pelvic
traits could have occurred during separate phases of hominin evolution. The reduction of genetic constraints
on the birth canal from other pelvic traits may have taken place early on, prior to australopithecines,
when the hominin hip was undergoing the large morphological changes that allowed for habitual bipedalism.
Rather than this reduction in constraints being the result of new obstetric pressures (which some researchers
have hypothesized only occurred later in hominin evolution with the increase in brain size (e.g. Leutenegger
1974)), traits concentrated in the hip related to bipedalism may have been the actual targets of selection,
and the reduction in constraints on obstetric traits could simply be the result of bipedal traits becoming less
integrated with all traits in the pelvis, including birth canal traits. The significant reduction of integration
within the birth canal, between traits in that structure, might have occurred later in the hominin lineage,
possibly with the rise of Homo to accommodate an increase in neonatal brain size (Lovejoy 1988; Lovejoy
2005; Lovejoy et al. 1973; Tague and Lovejoy 1986) or, given recent findings (Simpson et al. 2008; Weaver
and Hublin 2009; Franciscus 2009), perhaps even more recently in the face of thermoregulatory requirements.
Though the results of this analysis suggest that genetic constraints may be reducing the evolutionary
potential of the birth canal in humans and other apes, and suggest that constraints have evolved in hominins
in response to divergent selection pressures, what would the e↵ect of a 55% reduction in evolvability in
humans given all possible constraints actually mean for obstetric evolution, and how does this compare to a
75% reduction in most of the other apes (Fig. 4.5)? To begin this back of the napkin calculation, the human
phenotypic evolvability given constraints from both obstetric traits and other pelvic traits (0.0031451; Table
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4.6) and no constraints (0.0072163; Table 4.5), can be converted into very rough genetic evolvabilities by
multiplying those statistics by the average heritability of morphological traits. From Hansen et al. (2011)
the average heritability of morphological traits is 0.35, so assuming that human pelvic heritabilities fall
near this value, the genetic evolvabilities become 0.00110 given constraints and 0.00253 given no constraints
(0.0031451 * 0.35 and 0.0072163 * 0.35). If we assume a chimp-like most recent common ancestor (MRCA;
see below for further justification of this assumption) of chimps and humans, these results can be placed
into actual evolutionary time.
First, the phenotypic distance between the birth canal of chimpanzees and modern humans is 33.79 using
the traits in this analysis. Since evolvabilities give the expected response in a trait over one generation when
selection is as strong as on fitness itself (Hansen et al. 2003a; Hansen et al. 2003b), dividing this distance
by the evolvabilities with and without constraints gives the number of generations in which such change
could be achieved with constant selection at that level, evolution only along the chimp-like ancestor-human
trajectory, and constant evolvabilities. Given these assumptions and the human pattern of integration, this
transition could be achieved in 30,696.28 generations with constraints and 13,378.44 generations without.
Thus, including constraints more than doubles the amount of time needed for this evolutionary transition
using a human pattern of constraints, and quadruples it given a chimp pattern (using data from Tables 4.5
and 4.6; 37,594.57 generations with constraints and 9,389.50 generations without). By this metric, genetic
constraints in the pelvis have likely played a significant role in lengthening the time required for obstetric
evolutionary changes in hominins and other hominoids, but the reduction in constraints seen in humans and
likely earlier hominins reduced the time needed for this morphological change.
But the above calculation assumes that the evolvability in the direction of morphological change from
the MRCA to modern humans is equal to the average evolvability in a many di↵erent directions. Past
analyses have found that the average evolvability may not coincide with the evolvability in the direction of
evolutionary change (Hansen and Houle 2008; Hansen and Voje 2011). If obstetric evolution is constrained to
occur along the evolutionary trajectory of a chimp-like MRCA to modern human, the phenotypic evolvability
along the beta ( ; Table 4.3) using a human-like pattern of integration is 0.00345 with constraints (from
other pelvic traits as well as constraints within the birth canal around the direction of divergence; c( );
Table 4.3) and 0.00725 with no constraints (e( ); Table 4.3). Calculating generational time using the same
assumptions as above results in 27,983.44 with constraints and 13,316.26 generations without. Similar to the
results above, genetic constraints double the time needed for this evolutionary transition given a human-like
pattern of integration and multiplying the time by a factor of 6.7 for a chimp-like pattern (with a chimp-
like pattern of integration c( ) is 0.01347 and e( ) is 0.00200, or 48,239.92 generations with and 7,165.50
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without constraints). Comparing between species, to progress from a chimp-like to human-like morphology
given constraints using a chimp-like pattern of integration would take 1.7 times longer transition than a
transition given a human-like pattern. It should be noted that fossil hominin pelvic remains suggests that
the direction of birth canal evolution from a great ape-like MRCA to modern humans was not a straight line
from one morphology to another (Robinson 1972; Tague and Lovejoy 1986; Simpson et al. 2008; Kibii et al.
2011). The above exercise does not take this trajectory into account, but is included to show the e↵ects of
constraints on the rate of evolution. It may be that the transition between a great ape-like birth canal and
a fossil hominin such as A.L. 288-1, and then A.L. 288-1 to a modern human is an evolutionary trajectory
of significantly greater evolvability than directly between chimps and humans. Further investigations will
explore this hypothesis.
These results show that variation in obstetric traits exists for selection to act on, even when genetic con-
straints are included, and given enough time and the right selection pressures it seems likely hominins could
have evolved morphologies that ease parturition di culties. The fact that birth is relatively di cult and
dangerous in modern humans (Rosenberg 1992) therefore warrants further examination. Recent studies have
suggested that human generational time is about 30 years (Eyre-Walker and Keightley 1999; Trembeley and
Vezina 2000), with chimpanzees around 23 years (Eyre-Walker and Keightley 1999). Given the assumption
of a human-like year generation time for all hominins (30 years), the above time for the birth canal transition
in generations given the human pattern of integration (assuming constraints that are constant for the whole
transition time), and a strength of selection equal to the median of Hereford et al.s (2004) findings for natural
populations of 0.28 (Hereford et al. 2004)), the amount of time necessary for this morphological transition
is 3 million years (and with a chimp generation time 2.3 million years). As the evolutionary change from
the birth canal of a chimp-like common ancestor to modern human took place during a period of about 6
million years (Steiper and Young 2006), the di↵erence in these results suggests that there has been enough
time for the relatively small amount of morphological change that would be necessary to reduce parturition
di culties (slightly larger aperture sizes) to take place. Thus, genetic constraints on birth canal evolution
are likely to be only part of the story.
Other possibilities include: i) The combination of integration between the birth canal and other pelvic
traits, including those involved with bipedalism, and selection pushing both sets of traits in opposite direc-
tions (rather than simply stabilizing selection on the hip), could lead to opposing direct and indirect selection
on obstetric traits. Depending on the strength of selection, this could lead to the birth canal evolving in
ways that are maladaptive and greatly increase the number of generations required to produce the same
amount of morphological change. ii) Some pelvic traits are playing more than one opposing functional role
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—for example for bipedalism and obstetrics —and selection for both functions is constraining trait mean
change. iii) The constancy of patterns of integration within the birth canal across all apes is reducing the
ability of individual traits to respond to selection —i.e. they can only vary within proscribed morphological
limits. Though this hypothesis cannot be ruled out, the results of Porto et al. (2009) mentioned above
make it appear less likely. In that study, while the pattern of integration was largely shared across mam-
malian skulls, magnitudes of integration di↵ered widely. This result suggests that the large diversity seen
in mammalian skull shapes was possible though changes in magnitudes of integration within the constraints
of an ancestral pattern of integration. Therefore, it stands to reason that the relatively simple changes in
hominin obstetric evolution that would have been necessary to ease parturition would have been possible
given observed di↵erences in the magnitudes of obstetric integration. iv) As mentioned above, fossil remains
suggest the direction of evolution between a great ape-like to modern human birth canal was not a steady
linear transition between types, and this evolutionary wandering and stasis versus change could greatly in-
crease the generations/time needed for this evolutionary transformation. v) The strength of selection could
have been, on average, lower than the median of 0.28 Hereford et al. (2004) found for morphological traits,
leading to slower morphological change. And vi) It could simply be that selection for increased neonatal
brain size was strong and this change occurred in hominins relatively fast, and there has not been enough
time for obstetric morphology to adapt to this new requirement —perhaps because there is a greater level
of genetic constraints on the birth canal than on infant cranial size. Such a hypothesis might be supported
by a relatively recent major increase in encephalization —such as may have occurred in Homo during the
Middle Pleistocene (600-150,000 years before present) following a long period of brain size stasis (Ru↵ et al.
1997). Whether one or a combination of the above possibilities is the cause of in modern human parturition
di culties is a question that awaits further analyses.
Throughout this study, the pelvic pattern of integration common to all non-human apes was taken to be
similar to that of the ancestral hominoid condition and argued that the majority of integration changes seen
between humans and the other apes occurred after the MRCA of humans and chimpanzees (i.e. along the
hominin lineage). With the exceptions of humans, the great apes show similar results in almost all of the
statistics explored in this analysis, suggesting a similar magnitude as well as pattern of integration. A similar
result was found in Grabowski et al. (2011) for the hip. Therefore the most parsimonious explanation for
this similarity is that an ancestral great ape pattern and level of integration exists from which only humans
diverge. Gibbons stand apart in a few of the analyses conducted here, but most often di↵er from the other
great apes in a direction opposite to humans rather than in a similar fashion. Due to the deep separation in
time between gibbons and other apes (16.8 million years (Raaum et al. 2005)) di↵erences are not unexpected.
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It should also be noted that in the bulk of this study no assumptions are made about the morphology of
the MRCA of humans and chimpanzees, only about the pattern of integration of the MRCA as mentioned
above. Separate from patterns of integration, the issue of the whether the morphology of that MRCA was
similar to extant great apes is a highly debated topic (Pilbeam 1996; Sayers and Lovejoy 2008; Lovejoy et
al. 2009a; Lovejoy et al. 2009b; Lovejoy 2009; White et al. 2009; Sarmiento 2010; Wood and Harrison 2011;
Williams 2011). The assumption of a great ape-like MRCA morphology only enters in the discussion at the
end with the back of the napkin estimation of the role of genetic constraints in e↵ecting generational time
and amount of generations and years needed to transition from a chimp-like to modern human morphology.
Though some recent discoveries have suggested that the common ancestor of all great apes was not similar
to living apes (Lovejoy et al. 2009a; Lovejoy et al. 2009b; Lovejoy et al. 2009c; Lovejoy et al. 2009d;
Lovejoy et al. 2009e; Suwa et al. 2009a; Suwa et al. 2009b; White et al. 2009), this assumes considerable
amounts of similar morphology and locomotor behavior arose independently, and demands large amounts of
homoplasy. The more parsimonious explanation is that the MRCA of all great apes was great ape-like, and
the morphological changes between humans and other great apes arose along the hominin lineage (Pilbeam
1996).
4.6 Conclusion
This study shows that genetic constraints within the birth canal and between obstetric and other pelvic traits
could significantly decrease the evolutionary potential of the birth canal in all apes. Where humans and
likely earlier hominins di↵er from other apes is in possessing a significantly lower level of genetic constraint
on birth canal evolution due to a reduction in constraints from other pelvic traits and within the birth
canal. Such a change would allow for obstetric traits to evolve with greater independence from other traits
than would be possible in other hominoids, likely reducing the amount of time needed for the changes seen
within the hominin birth canal, and permitting obstetric evolution into areas of morphospace that may have
previously been di cult or impossible to reach. The cause of the di culties experienced during modern
human parturition is likely to be a combination of genetic constraints, selection pressures, and possibly a
time component, where obstetric dimensions have simply not adapted to increased neonatal cranial size.
The findings of this study complement several recent analyses (Rolian 2009; Porto et al. 2009; Marroig et
al. 2009; Young et al. 2010; Grabowski et al. 2011) arguing for the importance of comparing interspecific
patterns of integration in understanding morphological evolution. Along with Grabowski et al. (2011) and
others (Porto et al. 2009; Marroig et al. 2009; Grabowski 2011), this study argues that a reduction in
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overall integration across di↵erent anatomical regions may be a defining trait of our lineage, and analyses of
patterns of integration provide a source of information that can complement the field of paleoanthropology.
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Chapter 5
Conclusions, challenges, and future
directions
5.1 Evolutionary processes in hominin pelvic evolution
Most studies of hominin evolution have emphasized the pattern of evolution —comparing the shape and size
of fossils to other fossils and to extant primates, using similarities and di↵erences to draw inferences about
behavior, phylogenetic relatedness. Comparative, anatomical, and biomechanical approaches have provided
valuable information on past life-ways and suggested many hypotheses for the causes of observed changes.
But such comparisons provide little information about the processes or mechanisms of evolution —natural
selection, genetic drift, mutation, and gene flow. Evolutionary quantitative genetics focuses on understanding
these processes, and allows for evolutionary questions to be approached from new directions. Analyses built
on this theoretical foundation have the potential to add to and possibly change our understanding of hominin
evolution.
The proceeding chapters applied this approach to the study of evolutionary change in the hominin
pelvis. The pelvis is at the intersection of two distinctly human traits —e cient habitual bipedalism and a
birth canal that allows for passage of a relatively large-brained neonate. Therefore, it is arguably uniquely
important for understanding our evolution. This study is a first step on merging patterns of pelvic evolution
with processes, an approach that can provide novel insights into both classic questions and identify new
problems to solve.
Chapter 1 begins with a discussion of the current state of paleoanthropological studies, dominated by
comparative techniques that attempt to use similarities and di↵erences between modern humans, other pri-
mates, and fossil hominins to test hypotheses of three main types —behavior, phylogenetic relationships,
and past selective pressures. I will not discuss the first of these types at any length here as there are few
who question the utility of this approach. In terms of phylogenetic relationships, as revealed in the Ramap-
ithecus/Sivapithecus debate (Simons 1964; Pilbeam 1969; Andrews and Cronin 1982), or the hypothesis of
that gorillas and chimpanzees were more closely related to each other than to humans that was held by
many significant physical anthropologists up until the molecular findings of the 60s (Goodman 1962; Sarich
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and Wilson 1967), it is plain that using morphology as the primary source of data can lead to substantial
problems. Analyses of molecular data from recent hominins are becoming more common (Green et al. 2006;
Krause et al. 2010; Green et al. 2010; Reich et al. 2010), but this is unlikely to ever be possible with the
earliest hominins. Therefore, one of the principle issues with determining relationships among fossils and
between fossils and extant primates is how easily similarities in morphology can evolve. In other words,
how di cult would two lineages, sharing a common ancestor at some point, but morphologically distinct,
to evolve similar morphologies due to similar selective pressures. This question has implications that range
from whether the common ancestor of humans and other African apes was ape-like (Lovejoy et al. 2009b;
White et al. 2009), where to place fossils in the hominin lineage (Wood and Harrison 2011), and what fossils
can tell us about evolutionary relationships (Begun 2010). Though recent studies of homoplasy focus on
examining ontogeny for shared developmental mechanisms (McCollum 1999; Wake et al. 2011), an evolu-
tionary quantitative genetic approach to these issues may be informative. Finally, in terms of reconstructing
past selective pressures, the machinery for doing this quantitatively rather than qualitatively already exists,
in the form of evolutionary quantitative genetics. This study did not attempt to do so, instead looking at
the role of selection in changing the genetic relationship between traits. The analysis of past selective pres-
sures that led to changes seen in hominin pelvic evolution is already underway (Grabowski and Roseman,
in prep), but the evolution of integration patterns was explored here because how patterns change has a
direct e↵ect on the statistical machinery that underlies this type of analysis and biological inferences that
can be drawn from the results. In addition, as both major morphological and integration pattern di↵erences
are hypothesized to be the result of selection, analyses of the evolution of integration patterns can provide
a new source of information to complement fossil analyses.
This study initially steps back from paleoanthropological issues to addresses some of the theoretical and
statistical issues that arise when using phenotypic data to study integration and evolvability, with a specific
focus on the e↵ects of small sample sizes and transformations on these statistics (Chapter 2). These statistics
form the backbone of the analyses in the chapters to follow. Simulation results suggest that for 10 traits,
sample sizes of around 100 individuals are likely su cient to reduce bias and increase precision, though this
requirement increases given the inclusion of more traits. Transformations that a↵ect variation, such as the
removal of size, are likely having a significant e↵ect on integration and evolvability statistics, and should
only be attempted when specifically included in the research question. Finally, conceptual measurement
theory, recently coined by Houle et al. (2011), provides a valuable framework for approaching inquiries, in
this study, and beyond. Its focus on understanding what analyses are doing to your data, what results mean
biologically rather than just statistically, and keeping the theoretical context, the reason you collected the
143
data, in mind at all times, could point to a new direction in biological research.
Building on those results, this study shows that in addition to the large-scale morphological changes
seen when the human hip is compared to that of other great apes, patterns of integration have also evolved
(Chapter 3). The scenario of hominin evolution this work presents begins with strong selection pressures for
bipedal behavior starting soon after the split with the population that became modern chimpanzees, which
led to some changes in traits serving functional roles in upright walking. At a certain point, the ability of
individual traits in the hip to respond to selection pressures began to decrease because of genetic constraints
due to patterns of integration. Continuing selection led to a break-down in integration patterns —this change
would have allowed individual traits to respond to selective pressures to a greater extent than would have
been previously possible. Concomitant with this change, natural selection realigned integration patterns in a
way that facilitated the evolutionary transition between a pre-hominin and hominin pelvic morphology. The
model favored here is that integration pattern evolution was more or less cyclic —selection for bipedalism
led to a change in patterns to allow for the hip to respond to selection pressures for bipedalism to a greater
extent. This process could have occurred all at one time or incrementally.
Finally, while hypotheses such as the obstetrical dilemma (Washburn 1960) have focused on functional
constraints on obstetric evolution, genetic constraints have likely played an important role in the di culties
and dangers experienced during modern human parturition (Chapter 4). This type of constraint can restrict
trait evolution separate from selective pressures or can be estimated from biomechanical analyses. Genetic
constraints would likely have played a similar role in other great apes, but those species have neonates with
relatively smaller crania and body dimensions when compared to obstetric dimensions, and thus birth occurs
without a similar level of complications (Rosenberg 1992). On the other hand, the results show that the
human birth canal is significantly less genetically constrained than other apes, and thus more able to respond
in the direction selection is pushing as well as a greater magnitude of evolutionary response in this direction.
Gibbons do give birth to neonates that are relatively large when compared to maternal obstetric dimensions
in a fashion similar to modern humans, but the results of this study suggest that genetic constraints on birth
canal evolution in this species have not evolved in a manner similar to modern humans. This di↵erence
may be the result of functional requirements of the hominin pelvis that diverge from this species- i.e. the
demands on the lower body due to bipedalism versus those of brachiation.
Besides the specific research questions asked in chapters three and four, these chapters strongly make
the case that the pelvis and hip are integrated structures, made up of traits that cannot evolve with total
independence from other traits. This fact may have major implications for univariate analyses commonly
conducted on hominin fossils. In addition, as patterns of integration are the result of functional and de-
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velopmental relationships between traits, as well as linkage disequilibrium, it may be possible to interpret
patterns to look at functional constraints between traits. For example, if a certain relationship between two
traits is needed to maintain functional equivalence with changes in size, this may be reflected in integration
or regression between these two traits. One issue with this suggestion is that it is likely di cult to separate
functional from developmental constraints or other factors that may contribute to integration between traits
(Mitteroecker et al. 2012).
5.2 New models of hominin pelvic evolution
One scenario of hominin pelvic evolution that fits the findings of this dissertation is that selection pressures
for bipedalism early on in hominin evolution led to a reduction in constraints on traits related to bipedalism,
reducing the levels of integration between these traits and all other traits, including those related to obstetrics.
This would have allowed for the birth canal to evolve with less constraint from other traits, allowing for
greater mean change. With an increase in neonatal brain size, possibly with the rise of Homo, selection
pressures led to the magnitude of integration within the birth canal to evolve as well. Another scenario is that
physical constraints on birth could have occurred directly as a result of, and in unison with, the morphological
changes that allowed for e cient upright walking and were already present in australopithecines. This would
concord with the results of Desilva (2011) who found that birth was most likely substantially more di cult
in this group than in other extant non-human great apes. Thus, selection pressures for both bipedalism
and birth could have been leading to the evolution of genetic constraints on the birth canal early on. If
Ardipithecus is a hominin (see Wood and Harrison (2011)), Desilva (2011) suggests that this species would
have given birth to infants of a similar size as extant non-human great apes relative to maternal body mass,
leading to births that were substantially easier than in later hominins (Desilve 2011). Thus, selection to
change obstetric genetic constraints may have been absent at this point in human evolution.
While the above scenarios are a possibility, it is unlikely that this hypothesis could be tested due to the
large number of hominin fossil pelves required to reasonably approximate population integration patterns and
calculate relatively unbiased evolvability statistics (Chapter 2; Ackermann 2009). Separate from the issue of
whether a phenotypic pattern of integration is a reasonable approximation of a population parameter is the
issue of whether phenotypic patterns can reasonably approximate the additive genetic variance covariance
matrix, and thus whether they can provide reliable information on evolution. The assumption that P can
be substituted for G is at the basis of any analyses that rely on phenotypic data to study evolutionary
processes. This dissertation does not explore that assumption, which has been supported in a number of
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analyses (Lofsvold 1986; Cheverud 1988; Kohn and Atchley 1988; Willis et al. 1991; Cheverud 1995; Ro↵
1995; Ro↵ 1996a; Ro↵ 1996b; Ro↵ 1997; but see Hadfield et al. 2007; Kruuk et al. 2008) particularly for
morphological traits (Ro↵ and Mousseau 1987; Cheverud 1988; Ro↵ 1996a; Simons and Ro↵ 1996; Roseman
2012). Taking a big picture approach, one of the primary reasons integration and evolvability analyses are
conducted and published with small samples sizes (e.g. n=10), or use transformations that remove variation
for reasons such as correcting for size or lack of normality, is because of a lack of measurement theory in
biology (Houle et al. 2011).
Measurement theory concerns the relationship between the real world and what is being measured, and
emphasizes the importance of the theoretical context in determining which measurements are appropriate
to the research question and how scaling and transformations on the data can a↵ect this relationship. Houle
et al. (2011) pointed out that errors in how data are collected and treated are common in biology, and
often render the results meaningless. The researchers went on to argue that this situation is due to a lack
of emphasis on what parameters actually mean, what data is appropriate to approximate the parameters,
and how data can be statistically manipulated (scaled, transformed, etc.). The key concepts in integration
and evolvability analysis are variation and covariation, and using small sample sizes and transformations
that remove variation can render results meaningless with regards to the original research question. Recent
breakthroughs in the application of measurement theory to problems in evolution are producing interesting
and worthwhile results (Hansen et al. 2008; Wagner 2010; Hansen et al. 2011). This study also makes the
point that it can be dangerous to draw broad conclusions based on small sample sizes, and it may beneficial
to shift the focus away from broad surveys of large groups of species to targeted questions based on large
sample sizes.
Generally speaking, the hypothesis that genetic constraints due to patterns of integration can play an
important role in directing and facilitating evolutionary trajectories is currently being investigated from
comparative (Marroig et al. 2009; Eroukhmano↵ et al. 2009; Young et al. 2010; Grabowski et al. 2011;
Eroukhmano↵ and Svensson 2011), experimental (Egset et al. 2012), and theoretical (Jones et al. 2004;
Jones et al. 2007; Arnold et al. 2008; Pavlicev et al. 2011; Pavlicev and Hansen 2011) avenues. Though this
dissertation focused on the evolution of the hominin and hominoid pelvis, the findings here point to a larger
pattern in human evolution —that changes in integration may have been fundamental to our evolution. In
addition to the hip, recent findings have revealed that humans have the lowest overall level of integration
within the skull when compared to a broad survey of mammals (Porto et al. 2009). As the skull and the
hip are both structures that are at the center of two singular hominin features, increased brain size and
bipedalism, these results suggest a new model of hominin evolution, in which patterns of integration have
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played a major role. Further support for this hypothesis comes from work by Young et al. (2010), who
found that integration between the fore and hind limbs of humans and other apes was significantly lower
when compared to quadrupedal Old World Monkeys. From these results, the researchers concluded that
the increased evolvability of both sets of limbs due to the reduction in genetic constraints between limbs
was likely the result of selection in the most recent common ancestor of all apes for functionally divergent
roles for each set. This reduction in genetic constraints in the ape MRCA would have then facilitated the
evolution of the relatively longer lower limb length in early hominins without leading to changes in forelimb
length. The evidence at present, though far from conclusive, points to substantial changes in integration
patterns during both the hominin and hominoid lineage, reducing levels of constraint on relevant traits and
allowing for greater mean response to complex patterns of selection.
5.3 Evolutionary quantitive genetic approaches to
paleoanthropology
Along with a number of recent studies (Ackermann and Cheverud 2004; Weaver et al. 2007; Young et al.
2010; Rolian et al. 2010), the findings in this dissertation represent an early step in applying evolutionary
genetic theory to paleoanthropology. There are many more questions to be asked. For example, this
study concentrated on one evolutionary force, directional selection, and the role it played in hominin pelvic
evolution. But approaches do exist to explore other forces, and some attempts have been made in this
direction (Ackermann and Cheverud 2004; Ackermann et al. 2006; Weaver et al. 2007). With regards to the
hominin pelvis, the large-scale morphological changes seen between a chimpanzee and modern human pelvis
suggest genetic drift has likely not played a significant role, but this situation may change when comparing
hominin fossils (e.g. Sts 14 vs. AL288-1). It is also possible to quantify stabilizing selection using much the
same statistical machinery as directional selection, though the sample size required to produce meaningful
results is much higher (Lande and Arnold 1983). Given the appropriate sample sizes, these results could
provide a more complete picture of selective forces on the pelvis during hominin evolution.
EQG theory and methods can be applied to other important questions in human and primate evolution
—for example, the evolution of the brain and body size in our order. Perhaps motivated by the dispropor-
tionally large brains of our own species, the evolution of brain size in relation to body size has been a subject
of intense study for over 100 years (Snell 1891; Dubois 1897). When scaled by body size, apes and humans
have larger brains than other mammals, including other primates, great apes have larger brains than other
catarrhines, and hominins have larger brains than other great apes, with modern humans as an extreme
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extant outlier (Jerison 1973). Many analyses of primate evolution, and hominin evolution in particular,
have focused on the why questions surrounding this increase in brain size (Jerison 1973; Clutton-Brock and
Harvey 1980; Broadhurst et al. 2002; Flinn et al. 2005). Why did some primate groups and early hominins
evolve a relatively larger brain —i.e. what were the benefits of a larger brain to these primate species? A
smaller number of investigators have asked how questions as well: How have di↵erences in the brain-body
relationship evolved in di↵erent mammalian groups, including primates? Hypotheses include intraspecific
allometric explanations (Pilbeam and Gould 1974), the addition of neurons in particular amounts allowing
for di↵erent kinds of functional di↵erences (Jerison 1973), and changes in ontogenetic and developmental
mechanisms (Shea 1983). Importantly, one question that has received little attention is how evolution in
the brain-body relationship in primates was possible from a quantitative genetics standpoint. Like other
morphological structures, brain and body mass covariance (i.e. integration) is due to pleiotropy and linkage
disequilibrium, and therefore genetic constraints may exist that reduce the capacity for the independent
evolution of either trait. A log-log plot of within-species brain mass on body mass is not merely showing
the relationship of the two, it is also showing intrapopulation constraints on brain and body size that could
bias evolution.
Lande (1979) suggested that the low intrapopulation and interspecific genetic correlations for some pri-
mate groups, including humans, may have facilitated increased relative brain size by allowing brain size
to evolve independently of body size. But the estimates cited by Lande (1979), 0.2 for various primate
populations including humans, are similar to the intrapopulation levels of many other mammalian groups
(Jerison 1973), and therefore a di↵erence in genetic correlation in adults is unlikely to play a role in observed
di↵erences in relative brain size. But brain-body genetic correlations can change over the course of ontogeny
(Riska and Atchley 1985). Riska and Atchley (1985) used an experimental approach and data on mice and
rats to suggest that di↵erences in the brain-body relationship between taxonomic levels might be due to
selection to change the timing of the brain and body growth phases. Low but positive genetic and phenotypic
correlations between brain and body size in the adults of their study species resulted mainly from prenatal
and early postnatal growth, while later periods of growth reduced the initial high correlations due to in-
dependent body growth. They therefore suggested that depending on whether body size selection a↵ected
early or later growth periods, di↵erent amounts of correlated brain size evolution would result. Ultimately,
interspecific di↵erences between brain-body relationships may be a combination of both Lande (1979) and
Riska and Atchleys (1985) hypotheses, but such a synthesis has not been attempted.
Another avenue to be explored is that genetic constraints on pelvic evolution may not only be due to
correlations between traits, but also because of genetic correlations between the sexes. Because males and
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females share autosomal genes, selection on one sex for various functional demands (e.g. birth) may lead to a
correlated response in the other sex —likewise, stabilizing selection on one sex can lead to genetic constraints
on the ability of the other to respond to selection pressures. To address this issue, I and colleagues, including
Charles Roseman and James Cheverud, have been investigating the genetic basis for sexual dimorphism (i.e.
di↵erences in size and shape between the sexes ) in the pelvis of a model organism, the mouse. Like humans
and many other primates, mice pelves are highly sexually dimorphic in both size and shape, which has been
hypothesized to reflect obstetric pressures on female morphology (Gardner 1936). An understanding of these
processes in a model organism will lay the foundation for a more complete theory of how we may expect
sexual dimorphism to evolve in humans and other primates.
One issue with the application of quantitative genetics via evolutionary quantitative genetics to pale-
oanthropology is that while there is substantial experimental support for the link between its theoretical
underpinnings and reality on a microevolutionary scale, the link may become weaker for macroevolutionary
questions. For example, while substantial evolutionary change has been reported to take place in a few
generations (Hendry and Kinnison 1999; Gingerich 2001; Hendry et al. 2008), on longer time scales stasis
in forms is reported to be exceedingly common (Lynch 1990; Gould 2002; Hansen and Houle 2004; Estes
and Arnold 2007; Uyeda et al. 2011). Thus, some researchers have questioned whether microevolutionary
principles can explain macroevolutionary patterns through simple extrapolation of microevolutionary pro-
cesses over large timescales. This topic is of great importance, and being explored by Thomas Hansen of the
University of Oslo, a project on which I am a collaborator.
Finally, on a larger level, the results of this dissertation make a strong case that applying theories and
methods conceived in areas outside paleoanthropology or biological anthropology can provide information
that is fundamental to understanding our own evolution. Most modern fossil descriptions take a comparative
methods approach that uses updated statical methods but ask the same questions as those of early in the
last century, and present evolutionary hypotheses but do not test them in an manner that uses evolutionary
models. While comparative and anatomical approaches have contributed greatly to understanding our own
evolutionary path, I contend paleoanthropology would greatly benefit from an emphasis on applying modern
evolutionary theory and methods to paleoanthropology. For though statistical methods in paleoanthropology
have greatly improved, how these methods are applied, the theoretical context for running the analyses, could
use updating as well. The union of evolutionary biological theory with functional biology and comparative
morphology holds promise in answering persistent questions in the study of human evolution and, perhaps
more importantly, in identifying new problems that hitherto would have been impossible to articulate and
solve.
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